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| Plessey 
potentiometers 


for special applications 


Moulded track potentiometers by Plessey possess a high 
Type E four gang variation standard of stability within a wide range of operational 
temperatures and can be stored for extended periods 
without deterioration. They can be manufactured to 
conform, within strictly specified limits, to a designed 
pattern of values at various positions on the track. 


Preset Mk. 2G type 


COMMERCIAL TYPES 


These are available as single units, dual concentrics or 
special gangs and are available with or without double 
pole switch, also in preset form. The standard resistance 
values are linear 100 ohms to 5 Mg, log 5KQ to 2 Ma. 
Preset Mk. 5 G type The maximum working voltage is 500 V. 


Standard Type ‘E’. 2 watts at 70°C for linear laws. 


Standard with double pole switch Type ‘ES’. 2 watts 
at 70°C for linear laws. 

Dual Type ‘ED’. 2 watts at 70°C for each section. 

Dual with double pole switch Type ‘EDS’. 2 watts at 
70°C for each section. 


Preset Type ‘HP’. 1 watt for 70°C for linear laws. 


GOVERNMENT AND INSTRUMENTATION TYPES 


MH2 Miniature panel and Available as normal and preset types. In general are 
Spindle Sealed in accordance with the appropriate Ministry 
Specifications. 
Panel and Spindle Sealed Type ‘HH2’ 1 watt at 100°C 
for linear laws. (Type Approval Certificate 906/4 [1230].) 
Maximum working voltage 500V. 
Instrumentation Type ‘EN’ 2 watts at 70°C for linear 
laws. (All materials to R.C.S.1000.) Maximum working 
voltage 500V. 
Miniature, thumb operated, with switch, Type ‘F’ 
4 watt at 70°C for linear laws. Maximum working 
voltage 250V. 
Sub-Miniature Preset Type ‘G’. Marks 2&5. + watt 
- at 70°C for linear laws. (Type Approval Certificates 
Type E gang with Switch 974/2 and 1075/1 [1373].) Maximum working voltage 250V. 
Miniature Panel and Spindle Sealed Type ‘MH2’ 3 watt 
at 70°C. (Type Approval Certificate 1032/1 [1873/1].) 
Maximum working voltage 250V. A fully sealed version 
of this potentiometer is also available. 


Rating at 100°C is normally one half of that at 70°C. 


SWINDON COMPONENTS DIVISION 


Be oy FHE PLESSEY COMPANY ‘LIMITED 
KEMBREY STREET‘ SWINDON: WILTS-: Tel: 5461 


Overseas Sales Organisation: Plessey International Limited 
Ilford - Essex: England- Telephone: Ilford 3040 


Type EN to RCS 1000 


@ sci 
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THE VALVES FOR J BAND OPERATION 


| eee ee # MAGNETRON TYPE M555 
pes y 4 / ‘de : This is a new packaged magnetron for 
, | f / pulse operation in J Band with a peak 
input power rating of 240 kW. Par- 
ticular care has been taken to 
___ produce a compact, rugged valve 
for air-borne applications. 
( "7 
And 
THE M555 
can be supplied for fixed 
frequencies within the range A 


14,000 to 16,500 Mc/s. 


KLYSTRON TYPE K343 
This is a low voltage reflex klystron for 
J Band operation with a minimum power 


output of 20 mW at 350 volts. The moulded 
KLYSTRON TYPE K346 


Za base and flying leads specially commend it for 
This is generally similar to type K343 with mech- high altitude operation. It has mechanical tuning 
anical tuning from 14,500 to 17,000 Mc/s. covering the range 12,000 to 14,500 Mc/s. 


Both these klystrons, which may be used in conjunction with the M555 or in other 


J Band applications, have 30 to 80 Mc/s electronic tuning. The output connections 


are American type UG419/U feeding into No. 18 Waveguide. ‘ 


ENGLISH ELECTRIC VALVE CO. LTD. Ciel dee 


Telephone: Chelmsford 349] 


AP/95 
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GERMANIUM 
RECTIFIERS 


Due largely to advanced crystal perfec- 
tion techniques and to the generous use 
of large area junctions, The English 
Electric Valve Co. Ltd. are able to offer 
Germanium Power Rectifiers and Stacks 
with high ratings at 55°C ambient 
temperature. Standard Stacks cater for 
all normal single and _ three-phase 
circuits. 

Stacks are also designed on request 
to meet individual requirements. 

Just a few of the possibilities of one 
E.E.V. Germanium Rectifier, the VA713, 
are listed in the table below. 


eo — — —_ — — - 
—_ ee eed 
—S eo OOOO 
—._ ee 
See 

Se 

——— a aR, pe a SS 


Some Typical Stacked Assemblies 


R.M.S. Input D.C. Output Current 
Voltage per D.C. Output (Amperes) 


leg 
(Volts) 


PPPEES: overall 
imensions 
(Volts) ee eee Sa ee Se (inches) 


Circuit 


Single phase, 
half wave 


Single phase, 
full wave 


Single phase, 
full wave 
bridge 


PAL 


Three phase, 
half wave 


axa 


“ENGLISH ELECTRIC 


Chelmsford, England 


Three phase, 
full wave 


Six phase, 
half wave 


AAO ANAND | WWW 


ENGLISH ELECTRIC VALVE CO. LTD. Puneet reintord 3201 
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presents For your delectation and pleasure 


A GRAND VARIETY OF NEW INSTRUMENTS. 


at The Physical Society’s Exhibition, Stand 98 
and the I.E.A. Exhibition, Olympia, Stand 314 


which aforesaid instruments can be reeommended 
with confidence to your notice and patronage 


The fully TRANSISTORIZED, low consumption, portable 
MICROSECOND CHRON OMETER 
the like of which has not been seen on any stand before 
$9000000000099000090000O0906000000995009H00009O0090000000000000000000000000 


by popular request — all the way from lower Sydenham 


THE UNIVERSAL COUNTER TIMER 


a fully transistorized item for such magical effects 
as counting, timing and frequency determination 


DOBIDODDQDQDOOOS 


First time here 


PRINTED CIRCUIT COUNTER UNITS 


a versatile series of individual etchings to 
delight the heart of old and young collectors alike 


8 OO SF FO FF OE 8 Oe OH FS FO 8 SG Oe 6 FS 8 FG OG OG ONG ON 8 OG ONG OS 8 SG 8G Bl GSS 9 BS 6 Oa G8 G Sf 6 $6 GO 6 9 6 gee 


the wonder of the age 


DELAYED PULSE AND SWEEP GENERATOR 


a marvellous performance to titillate the appetite of followers of this pulsating art 
DAOOODDODOADO DDO brbr lo lrh llr lhrhr blll lll blll lhl lob bobo ll Orla ln nln lo lov hn bon bo hn lon on on bor n> bo tp > fo, ty ty, tn, ts tn i 
DO NOT MISS this company of your very own favourites on 


their only European appearance this year at every performance 
of which they will be assisted by an amazing supporting cast 


Few tickets left. HITHER GREEN 4600 (Mr. Graham Bell’s new invention) 
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let us demonstrate 
any of these superb 


solarrnon Oscilloscopes 


write or ’phone now for appointment 


Have you seen the new Solartron 
Double-Beam Solarscope CD 711 
being put through its paces ? | 
Now, for the first time, you can 
choose a double-beam ’scope of) 
Solartron quality, embodying all) 
‘the latest design features and built 
to the finest standards of electronic 
and mechanical engineering. 

Why not write or call us now for 
a demonstration of the Double-) 
Beam Solarscope, or any of the 
eight other models listed below? 
Specialist instrument engineers are. 
immediately available to assist 
you, whatever your problem or! 
field of application. 


7 . ‘DOUBLE 
Max. D.C.—7 Mc/s. at 100mV/cm. 
3mV/cm.—100 V/cm. 


Cal. shift. Accuracy +5% 
Cal. time scale. Accuracy +5% 


BANDWIDTH 
SENSITIVITY 

‘Y’ CALIBRATION 
‘X’ CALIBRATION 
TIME BASE 

*X’ EXPANSION 
SIZE & WEIGHT 


Time scale 0.3, Sec./em.—3 Sec.fem. 
Continuously variable x 10 
16” x 13” x 274” deep. 110 lb. 


“AD 557 "CD 518 


BANDWIDTH Max: D.C.—20 Ke/s. | Max. D.C.+1 Mels. Max. D.C.—5 Mc/s. | Max. D.C.—5 Mc/s. | Max. D.C.—10 Mc/s. 
SENSITIVITY 10 mV/cm.—l0V/cm. | 3mV/cem.-—100 V/cm. | 0.25 V/cm.—5 V/cm. | 0.25 V/em.—5 V/cm. | 1 mV/cm.—10 V/cm. 
: y ‘iti Cal. shift +5% -| Shift meter. Shift meter. Cal. sensitivity 
‘Y’ CALIBRATION | Special facilities pe ae eke Accuracy +3% Accuracy +3% Accuracy +10% 
5 ‘iti Cal. time scale. ‘Cal Pips’ and sine Sine wave. Accuracy | Cal. time scale 
X’ CALIBRATION Special facilities Accuracy +10% wave. Accuracy +2%] +2% Accuracy +10% 
i 10 Sec. to | Time scale Iu Sec./cm.| Sweep time 100m. Sec.! Sweep time 100m. Sec.| Time scale 0.1, Sec./ 
TIME BASE i A ey (3008 —l Sec. —Iy Sec. cm.—l1 Sec./cm. 
x1, x 0.5, x 0.2, x 0.1, | Continuously variable : K0-5oxK1. XD 
‘X’ EXPANSION a 6.05 a6 x 0.5, x1, x2, 5 
4” x 10” x 20” deep. | 161” x 10” x 22” deep. | 12” x 9” x 18” deep. 12” x 9” x 18” deep: 164” x 10” x 22” deep. 
SIZE & WEIGHT | "4715, P| 70 Ib. 40 Ib. 40 Ib. vial: wake tie 


CD 814 


| CD 643 


Constant D.C.— 


CD 523S 


PRICES 
Home & Export 


BANDWIDTH Max. D.C.—10 Mc/s. | Constant Ic/s.-8 Me/s.} “5 Mc/s. te ae 
SENSITIVITY 1 mV/cm.—10 V/cm. | 30 mV/cm.—30 V/cm. | 100 mV/cm.—60 V/cm. Pee he eee Ves Rees 
ro : Cal. sensitivity Comparison method |} Cal. shift. é eee se \ 
SALIBRATION Accuracy +10% Accuracy +5% Accuracy +2% AD557.__— £275 ney pa f, 
¥ 0 Cal. time scale ‘Cal Pips’ ‘Cal Pips'and brightup ange saraesat Soll - RY RG N 
+ SALIBRATION Accuracy +10% Accuracy +5% Re Se ; cp 568. £210 > Nor . I'S 
: : le 0.1p Sec. Repetition Rate Time scale 0.1p,Sec/cm: CbD5!13. #220 { — no \ 
TIME BASE Poe See Ton 6 c/s—185 Ke/s. —100m. ae a ieised: gage Ne fey nk) a 
P tinuous! GOptinuGls]y. sien eal] rtd ese ee ed oe ae tee ets 
©” EXPANSION x 0.5, x 1, x 2, 5 SHlner s 10 variable x 100 CD 814 £115 
5, ff fe 23" | 144” «104% 194” deep.| 20” x 142” x 27}” deep. CD 643. —s- £490 
WE & WEIGHT ‘6 Ib. aoa 4b. : : 140 |b. 


THE SOLARTRON ELECTRONIC GROUP LIMITED 


THAMES DITTON @ SURREY @ Telephone: EmBerbrook 5522 e Cables: Solartron, Thames Ditton 
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The equipment is suitable for operation under varied 
climatic conditions. For example, a G.E.C. |2- 
successfully near the Arctic Circle where seve 
are experienced during the winter months. 


circuit system is Operating 
re icing conditions 


Everything for Telecommunications by open-wire line, cable and radio; single and multi- 


circuit || 
C.E.C. 8. 
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Top left—Monitor, top right—Alarm, bottom 
left—Pilot Control and bottom right—Amplifier, 
some of the Panels used in the 12-Circuit Open- 
wire Terminal Rack shown on the right. 


G.E.C, 3-circuit and 12-circuit carrier telephone equipment provides 

for the transmission of three and twelve high-quality speech circuits, respectively, 
oyer an Open-wire route. Each speech circuit effectively 

‘transmits the frequency band 300c/s to 3400c/s. Signalling is effected at 

the out-of-band frequency of 3825c¢/s on each circuit. 


The signals transmitted to line in the 12-circuit system are within the frequency 
band 36 to 143 kc/s, and in the 3-circuit system within 3.16 to 31.1 ke/s 

i in accordance with the recommendation of C.C.I.T.T. 

Thus a 3-circuit and a 12-circuit system can operate over the same open-wire pair. 
! Several systems can operate along the same route. 


‘ When required, a broadcast programme circuit of approximately 10 kc/s bandwidth 
( can be inserted at the intermediate frequency of 84 to 96 kc/s, in place 

‘ of three speech circuits in either system. In addition, twenty-four 

' voice-frequency telegraph channels can be provided over any speech circuit. 


’ By suitably spacing repeaters along the route, a system may be operated over 
| distances of many hundreds of miles, the exact distance and spacing of repeaters 
| depending on local conditions. 


' The equipment itself is the latest G.E.C. Type 56. A complete 3-circuit terminal or a 
- complete 12-circuit terminal is accommodated on one single-sided rack. 


For further infor- 
mation please write 
for Standard 
Specifications 
SPO1011 
and 
SPO1025 


and TV link; short, medium and long haul. Automatic and Manual exchange. 


TELEPHONE, RADIO & TELEVISION WORKS : COVENTRY: ENGLAND 
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mmunication... 


ore than fifty civil airlines and over thirty air forces fit Marconi ground or 
borne radio, radar or navigational aids. Airports all over the world rely 
1 Marconi ground installations. 


ihe armed services of overseas countries and Great Britain have entrusted 
idar defence networks to Marconi’s. 


the broadcasting authorities of 75° of the countries of the world operate 
arconi broadcasting or television equipment. 


9 countries have Marconi equipped radio telegraph and communications systems. 


ill the radio approach and marker beacons round the coasts of Britain have 
2en supplied by Marcon1’s. 


- MARCONI 


on land, at sea and in the air 


LG6R 


2D, ESSEX, ENGLAND 
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IMAGE ORTHICON CAMERA Type BD808 (illustrated) 
Features 


Uses either 3” or 44” Image Orthicons. 

Designed for ease of servicing, excellent accessibility 
and plug-in sub-units. 

Four position turret will carry any combination from 
2-inch to 40-inch lenses. 80-inch and zoom lenses may 
also be used. 

Viewfinder can be tilted up or down to give the most 
comfortable viewing position. 

Camera Control Unit may be used with 10” picture 
tube and 3” waveform tube, or with 14” picture tube 
and 5” waveform tube. 


Remote control of light intensity by variable graded 
filter. 

Optional remote control of focus and turret. Optional 
semi-automatic alignment circuit. 

Built-in turret for neutral density and colour filters. 


Full range of accessories available for both studio and 
outside broadcast roles. 


BROADCAST VIDICON CAMERA Type BD364 


The most recent addition to the Marconi range of 
Television Equipment. 


Features 


Compact, easily operated by one man. The camera has 
integral viewfinder with 7” tube and 23” waveform 
monitor and includes all operational controls. 
Channel consists of Camera and Power Supply only— 
but optional Remote C.C.U. and Monitor position 
available. 

Use of close-tolerance double-triodes in all valve 
circuits except one and printed wiring assemblies 
ensures great reliability. 

Rapid semi-automatic beam alignment, built-in 
aperture correction and gamma correction circuits 
are provided. Designed to make the best use of any of 
the present Vidicon tubes and with ample flexibility 
to deal with foreseeable developments. 


4-position turret with positive location takes wide range 
of fixed and zoom lenses. 


MARCONI 


COMPLETE SOUND BROADCASTING AND TELEVISION SYSTEMS 


MARCONIT’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 


LB9 


( xi ) 
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MARGONI TELEVISION RECORDING EQUIPMENT 


TYPE BD679 RECORDING CHANNEL 


16mm film presents a most 
economical and flexible means 
of recording television pictures 
since film costs are low, develop- 
ing and printing techniques are 
advanced and a wide range of 
fine grain film stocks are readily 
available. Projection, editing, 
viewing, dubbing and handling 
are all easily carried out with 
standard equipment. The Fast 
Pull-down technique presents 
great advantages over other 
systems of recording on film but 
the mechanical difficulties of 
moving the film in the short 
period of frame blanking have 
hitherto prevented the employ- 
ment of the technique. These 
problems have now been success- 
fully overcome by Marconi’s. 


hh) hW/pg AKG AQ A AAAQAQVIINNIN|) 
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Features 
Exceptionally high picture quality. 
Specially developed gearbox enables Fast Pull- 


magnetic stripe or synchronous 


magnetic track. 


separate 


be employed. F.P.D. 


\W\\ 111111 0,0, LULU, rw  ? i °F 


QQK) 


r 


down technique to 
Mechanism has given over 3,000 hours trouble- 
free operation. 

Pull-down time adjustable, normally set at 2 
milliseconds permitting recording of fully inter- 
laced picture. Simple single-lens optical system 
avoids loss of contrast. 


Sound can be recorded on optical track, 


Conveniently placed input selector switches, 
monitor and level controls. Sound/ Vision 
cueing device incorporated. 


Recording can be made on positive or negative 
stock of a wide variety, either direct positive, 
direct negative or reversal. Magazines hold 
2,400 ft. (2,000 ft. magnetic stripe) or film may 
be fed directly into a rapid processor. 


EE  —  LldtdtitiCi 


MARCONI 


COMPLETE SOUND AND TELEVISION BROADCASTING SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLANI? . 
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Plessey sub-miniature plugs and sockets have been designed as safe, 


inexpensive connectors for high-voltage commercial applications. 


They provide up to fifteen positively aligned connections, and both Plains Rested taser Rikvs nemsen Fara 


plugs and sockets are fully shrouded in resilient, one-piece : 
Operating temperature — up to 75°C 


polythene mouldings of high density. 


The electrical and mechanical properties are extremely good, whilst Current Rating—2}amps percontact 


the wiring —that can be either crimped or soldered—is simple -_ 
and easily serviced. Already proved in many varied applications 
these connectors are suitable for rack or panel mounting, providing 


perfect friction mating with complete splash and dust proofing. 


s Design Engineers are invited to write for samples and Advance Information Leaflet No. 955 ‘ 15-Way Miniature Connectors’. 


AIRCRAFT & AUTOMOTIVE GROUP + WIRING & CONNECTOR DIVISION 


THE PLESSEY COMPANY LIMITED - CHENEY MANOR: SWINDON : WILTS: TEL 
Overseas Sales Organisation : PLESSEY INTERNATIONAL LIMITED + ILFORD - ESSEX - Tel : 


: SWINDON 4961 
Ilford 3040 
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APPLICATIONS 


Stabilized Power Packs 
Relay devices 

Relay operating devices 
DC Motor control 

DC Generator control 
DC Converters 


Sinusoidal Oscillators 
V3 0/ IOLP G (0) LIF) ) Relaxation Oscillators 


POWER TRANSISTOR 95. 


) MAXIMUM RATINGS 
Collector Voltage 30V 


Collector Current 3.0A Visit us at STAND 142 at 
Junction Temperature 75°C 

Collector Power Dissipation |0W the R.E.C.M.F. and STAND 503 
on 50 sq. in. of 16 s.w.g. Aluminium at the |.E.A. Exhibitions. 


Thermal Resistance 2°C/Watt 
(Junction to stud) 


Derating 200mW/°C rise above 25°C 


CHARACTERISTICS 


Collector cut-off current (—I.5V) 30pA 
Current Gain (—200mA) Minimum 10 
Current Gain (—1I.5A) 6 


NEWMARKET TRANSISTOR COMPANY LIMITED 


EXNING ROAD+ NEWMARKET > SUFFOLK « Telephone: Newmarket 3381 /4 


TA 279 
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Building a ship. Rivet holes are being punched in the frames to match the holes which will be punched in the shell. 


( 


C.M.A. Cables at work. 


In the busy shipyards of the Clyde, in factories all over the country, at 


home or abroad, wherever you go C.M.A. cables are at work. In the air, 
underground or underwater, in ships, coalmines and powerhouses, : 
C.M.A. cables are transmitting power, unobtrusively ... reliably... 
year in year out. For over 100 years members of the Cable Makers 


Association have been concerned in all major advances in cable making. 


MEMBERS OF THE C.M.A. 


British Insulated Callender’s Cables Ltd. 
Connollys (Blackley) Ltd. Enfield Cables Ltd. 


i 

| 
WE Glos & Co ea | Together, member firms of C.M.A. spend over one million pounds a 

| 

| 

| 

| 


Rubber Co. Ltd. W. T. Henley’s Telegraph 


1 
i year on research and development. At every stage from raw material to 
| Works Co. Ltd. Johnson & Phillips Ltd. The 


finished cable, technical knowledge is pooled and research co-ordinated 
to avoid wasted effort. This highly-organized co-operative research 
activity has contributed largely to the world-wide prestige that C.M.A. 
cables enjoy. It has put Britain at the head of the world’s cable exporters. 
fo oe ee pee eel Technical information and advice is available from any member. 


Liverpool Electric Cable Co. Ltd. Metropolitan 
Electric Cable & Construction Co. Ltd. Pirelli- 
General Cable Works Ltd. (The General 
Electric Co. Ltd). St. Helens Cable & Rubber 
Co. Ltd. Siemens Edison Swan Ltd. Standard 
Telephones & Cables Ltd. The Telegraph 
Construction & Maintenance Co. Ltd. 


Insist on a cable with the OMA label 


CABLE MAKERS ASSOCIATION, 52-54, High Holborn, London, W.C.1. Telephone: HOLborn 7633 
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a new valve 
for 
70 Mcjs 


equipment 


-unique double 
tetrode range 
extended 


QQVO2-6 


Here is a new six watt double tetrode for low cost 470Mc/s mobile equipment. This compact 
valve features a frame grid and the same unique twin construction as other Mullard double 
tetrodes —a construction which provides high efficiencies, high power gain and heater economy. 
Other features of the QQVO2-6 include built-in neutralising capacitors which enable circuitry 
to be simplified, and low inter-electrode capacitances which allow wide tuning ranges to be 
achieved and which contribute to high efficiency. 

Write to the address below for full details of the QQVO2-6 and other Mullard double tetrodes. 


ASE ... een a rte aE Bic ... BIA 
ATHODE : . Indirectly heated 
EATER pecntrs bappes) 

ries —... or ms eI2.OY; 03K 
rallel as aoe aah yeOrs NG U-OP\ 
APACITANCES 


a~g" (each section) 


‘~all (each section) ... 6.4 pF 
-al|l (each section) 1.6 pF 
ut (two sections in push- -pull) 0.95pF 
1 (two sections in push-pull) 3.8 pF 


nternally neutralised for push-pull operation. 


ee BES Sees 


Pk 


| /Mullard 


x 


COMMUNICATIONS AND ie s 
INDUSTRIAL VALVE DEPARTMENT . 


CHARACTERISTICS 

iene) section) measured at la = 25mA, Va = Vg” = I50V 
gm.. oe is ca a ba ... 10.5mA/V 
ug 'g” se me oars 


TYPICAL OPERATING CONDITIONS 
Telegraphy or F.M. Telephony — A.M. 


f BSE ate sa, 470 470 Mc/s 
Viaceuees . Pee OO 180 Vv 
Vea a ee 180 180 V 
lage ce. we Dn PES OES 2x20 mA 
Day, 4c2 ot peas Kod DN ENV 
Pout . “as 505 2S! 4.2 W 
Pload i'n 4.5 3.4 W 


THE MULLARD DOUBLE TETRODE RANGE 
. the most comprehensive and efficient in the world 
Typical F.M. Power Output 


QQVO2-6 , 5.8 watts 
QQVO3-10/6360 (CV2798) || watts 
QQVO3-20A/6252 (CV2799) ... 25 watts 
QQVO6E-40A/5894 (CV2797) ... 56 watts 


vs ' MULLARD LIMITED - MULLARD HOUSE 
: a TORRINGTON PLACE - W.C.I - Tel: LANgham 6633 


®) MVT343 
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UNDOUBTEDLY... 


“ For inductance or capacitance measurements the measuring 
bridge is energised by the output from a valve oscillator, the 
out-of-balance voltage from the bridge being applied to 

the built-in selective amplifier-detector and 
moving-coil indicator, while for resistance i 
measurements the indicator is used directly as a centre- 
zero galvanometer, the necessary d.c. for the bridge 
being derived from the power pack supplying the 
oscillator and detector used for inductance 
and capacitance measurements.” 


MM 


ee 


OQ” of the problems of the age is how to keep 
up with the younger generation. One can 
support the shame of being unable to help with 
homework, but the prospect of having to admit 
ignorance of electronic equipment is intolerable. 
For instance, what do you know about the Marconi 
Universal Bridge Type TF 868A? Could you im- 
press our young friend with an authoritative 
description of the instrument’s ingenious mechanical 
design which provides single-dial measurement of 
L, C, and R? You owe it to yourself to be really 
up-to-date about Marconi Instruments—after all, 


they are important tools of your trade. Start with UNIVERSAL BRIDGE 
the TF 868A. Our leaflet K112 contains full details, — Type TF 868A 
and we’ll gladly send you a Copy. Measures inductance or capacitance at 1 or 10 kc/s, 


resistance at d.c. Measurement Ranges: 1 UH to 
100 henrys, 1 BUF to 100 uF, 0.1 ohm to 10 MQ. 
Q Range: 0.1 to 10 at ke/s, 1 to 100 at 10 ke/s. 
Tan § Range: 0.001 to 0.1 at 1 kc/s, 0.01 to 1.0 at 
10 kce/s. 
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AM & FM SIGNAL GENERATORS + AUDIO & VIDEO 
OSCILLATORS + FREQUENCY METERS + VOLTMETERS 
POWER METERS + DISTORTION METERS «+ FIELD ~ 
STRENGTH METERS : TRANSMISSION MONITORS 
DEVIATION METERS + OSCILLOSCOPES, SPECTRUM & " 
RESPONSE ANALYSERS + Q METERS & BRIDGES 


MARCONI! INSTRUMENTS LTD - ST. ALBANS - HERTFORDSHIRE . TELEPHONE: ST. ALBANS 56161 
London and the South: Marconi House, Strand, London, W.C.2. Tel: COVent Garden 1234 
Midlands; Marconi House, 24 The Parade, Leamington Spa. Tel: 1408 North; 30 Albion Street, Kingston-upon-Hull: Tel: Hull Ceneral 16347 
WORLD-WIDE REPRESENTATION 


TCAI2 = 
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Visit our Stand No. M9 at the A.S.E.E. Exhibition, 
March 25th to 29th 


FERRANTI 
2 SILICON 
RECTIFIERS 
ore 
MAGNETIC. AMPLIFIERS 


A wide range of applications 


E . Ferranti ‘Silicon Rectifiers are used in Magnetic 
\mplifiers made by Elliott Bros. (London) Ltd, They 


were chosen not only for their efficient operation, 


but also for their complete reliability, robust 
‘construction, small size and lightness in weight. 


Ferranti Silicon Rectifiers have many applications 
in the aircraft, electronic, electrical and general 


engineering industries _ including” aero engine 


ircraft power supplies, radar ‘systems, 


controls, 


guided missiles, computers, indicating and record- 


A A 


ing tment, pees control and telephone 


oe . 


4c LOW REVERSE CURRENT 

| 4 HIGH FORWARD SLOPE 

3 HIGH TEMPERATURE OPERATION 
4 SMALL PHYSICAL DIMENSIONS 
ye HIGH MECHANICAL STRENGTH | 


xe APPROVED TO GOVERNMENT 
SPECIFICATIONS 


-FERRANTI LTD - GEM MILL’: CHADDERTON - OLDHAM ~ LANCS = 
London Office: KERN HOUSE, 36 KINGSWAY, W.C.2. £ 
FERRANTI 


FE 177 


—e 
= 
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simple or complex 


Control 
Console 


** Electronically controlled 5 band 
privacy equipment. 


* Channel shifting equipment for 
1.$.B. transmission. 


* Centralised control, local or remote. 


* Full monitoring and supervision 
facilities. 


PRIVACY ‘5E’ 


Siemens Ediswan radio telephone terminal equip- 
ment provides efficient connection of a land tele- 
phone system to a radio transmitting and receiving 
station. 

Privacy equipment of various types is obtainable, 
and allows a high degree of protection against 
unauthorised interception of speech on a radio 
telephone circuit. 

There is a wide range of equipment available. 
Full information will gladly be sent on request. 


extending the frontiers of telecommunications 


SIEMENS EDISON SWAN LTD. AnAE.. Company j 


Telecommunications Transmission Division, Woolwich, London, S.E.18. Telephone: Woolwich 2021 
Telegrams and Cables : Sieswan Souphone London. P 


This equipment can also be obtained from Marconi’s Wireless Telegraph Company Ltd., Chelmsford, Essex 
T. 
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from 22M 


to 102 


We are pleased to announce that our range of 
BTA (1W.) and BTS (4W). resistors has been extended 
down to 102. We can now supply these resistors from 
stock in the preferred values from 102 to 22MQ. 


Please write for full details. 


DUS MLN ENR 


WUBILIER CONDENSER CO. (1925) LTD., DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON W.3. 


Grams: Hivoltcon Wesphone London. 


*hene: ACOrn 2241 DN 204 
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The Erie pre-assembled component system, known as ‘‘Pac”’, is 
a thin vertical module containing standard resistors and capacitors, 
of proven quality, mounted to a printed wiring board in a stable 
mechanical assembly, tailored to the requirements of the individual 
customer. 1 


Besides offering considerable savings in itself, ‘‘Pac’’ paves the 
way for fully three-dimensional assembly, thus enabling the 
designer to take the fullest possible advantage of the potential 
savings in space attendant upon the introduction of shorter, wide- 
angle, tubes for television. 


BIRME Recto, Lt 


7 %& Registered Trade Mark 


Carlisle Road, The Hyde, London, N.W.9., England. Tel: COLindale 8011. Factories: London and Gt. Yormouth, England; 
Toronto, Canada; Erie, Pa., and Holly Springs, Miss., U.S.A. 7 
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Distortion Corrected- 
Transmission Perfected 


The Regenerative Repeater TRR 2 is 
a start-stop, five unit code equip- 
“ment, designed to correct distortion on 
long line or radio telegraph circuits, 

It covers the speed ranges 45, 50 
or 75 bauds, and 

accepts signals with up 

to 49°% distortion. 
Noteworthy 
features for use 
on radio circuits 
are the rejection of 
short duration 
spurious start sig- 
nals, the automa- 
tic insertion of correct 
length stop sig- 
nals under deteriorating 
conditions, and the 
retransmission of long space 
signals during setting up. 


The unit automatically switches 
itself out in the case of 

power failure leaving the circuit 
connected. 


REGENERATIVE REPEATER T.R.R. 2. For line or radio telegraph circuits 


AUTOMATIC TELEPHONE & ELECTRIC CO. LTD (Aj! 


STROWGER HOUSE, ARUNDEL STREET, LONDON, W2G..2, 


Telephone: TEMple Bar 9262. Cablegrams: Strowgerex London. 
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An AEI Company Woolwich, 
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THE CENTENARY NEOPHONE 


A quality instrument at an economical price, especially 
suitable for use overseas. 


This entirely new instrument, a product of the designers of the 
world-famous ‘‘Neophone”’ which established new standards in 
telephone performance and appearance in the nineteen-thirties, 
incorporates the following attractive features — 


Improved performance, using latest design of components. 

Lower first cost, achieved by the most modern manufacturing methods. 
Lower maintenance cost. 

Suitably finished for tropical use. Sealed case keeps out 

dust and insects. 

Reduced size and weight—handset weight halved—only 7 ounces. 


df COLOUR COMBINATIONS 


7 different handset shades and a choice of 3 case colours. The case can 
be changed WITHOUT DISTURBING THE DIAL SWITCH. 


THE NEW ZINSTRUMENT WITH NEW FEATURES 


Complete technical details are available on request. 
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SIEMENS EDISWAN No. 17 Automatic Exchange System has established a reputat | 
for reliability which is quite outstanding, particularly when compared with the perf 
mance of present day bimotional systems. The attention paid by our engineers to appa ara 
design, circuit technique, operating facilities, finish, etc., has been entirely justified by | 
trouble-free service which characterises all No. 17 System installations. 2 
STATISTICS from working exchanges provide evidence of the very low fault rate achiev 
Even in the largest public exchanges it is not unusual for periods of many days to p 
without the occurrence of a single fault attributable to a defect in the system. 
TELEPHONE ADMINISTRATIONS who are concerned at the high proportion of total opera t 
costs expended on fault clearance, preventive maintenance and routine cleaning of th 
present exchange equipment are invited to discuss with us the way in which our No. 
System offers a very significant reduction in such maintenance effort. 


ue 
a reputation for reliability 


4. 


SIEMENS EDISON SWAN LT 


An A.E.I. C 
Public Telephone Division - Woolwich « London - S.E.18 7 
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The equipment racks include every 
refinement for ease of maintenance— 
automatic call trace facilities, ribbon bank 
multiples, etc.—and are totally enclosed to 
minimize the effects of dust. The racks 
illustrated are ro ft. 6 ins. in height. 


An alternative unit construction is 
available which often proves more 
convenient for locations with restricted 
height or means of entry. The units 
illustrated are 8 ft. 9 ins. in height 

and this equipment has found much 
favour for private installations. 


The basic switching element in our 
No. 17 System is the High Speed Motor 
Uniselector with a freedom from faults proved 
to be at least ten times greater than that of a 
bimotional mechanism. Such features as 

twin contact wipers, a vibrationless drive, 

and the elimination of wiper cords and complex 
mechanical actions, combine to ensure this 

very high degree of reliability. 
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Let any machine just roll to a stop and 


only overtime can keep up the output, for every 


unnecessary second lost in idle time is at the expense of 
production. Controlled braking is the answer— braking 


that becomes immediately and automatically operative on 


switching-off, and requires no complicated mechanical 


linkage. Such conditions are fully met by Dewhurst 
Electromagnetic Brakes. They are available in a wide 


range of types and sizes for all classes of service where safe 


and rapid braking is an essential or a desirable requirement. 


We shall be pleased to advise on the correct choice 


of equipment on receipt of detailed information. 


6 8 ES TD BE A BA a EY RT CO Ge SE PR EE I CE SE PE A GE GR Pe >. 


WHURST 


DEWHURST & PARTNER LTD - INVERNESS WORKS + HOUNSLOW - MIDDLESEX 
Telephone: HOUnslow 0083 (8 lines) Telegrams: Dewhurst, Hounslow 4 


Branches: BIRMINGHAM: GLASGOW: LEEDS >» MANCHESTER > NEWCASTLE - NOTTINGHAM 


A ‘Dupar’ Electromagnetic Brake 
Type “‘N’”’ for use on A.C. supplies. 


. 


vy 
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| Some Massicore transformers break new ground, for 
- Savage of Devizes are pioneers in this field and specialise 

Revolution ak in solving unusual problems. 
y Others play less spectacular roles, but a// Massicore 
transformers have the same essential ingredient- 
OFX conscientious craftsmanship. Massicore transformers are 

built to last a lifetime. 

Equally important is the individual attention given 


@ e 
Traditional to all enquiries and orders regardless of size; and we 


make a point of keeping our delivery promises. 


The special transformer on the left 
required a core weighing no less than 216 lbs. 
In fact, the heaviest of the “‘standard”’ range 
of sizes of Grain Oriented Core Materials 
proved inadequate, and special tools and 
designs for larger sizes of our own had to be 
made. 

The only really special feature about the 
simple choke illustrated above is the Savage 
craftsmanship which characterises all our 
products. It is choke type 1G4—1I0 hys 
measured at Iov 50 c/s with 250 m/A. D.C. 
D.C. Resistance 50 ohms. 

Your requirements may call for instru- 
ments very different from these examples. 
Please take advantage of our experience, 
knowledge and constructional skill in the 


Corner for Contented Customers production of all types of transformers. 


«_. First of all, we would like to compliment you on your 
transformer which gives a very good performance in our 


7 t nar eae 
instruments T. C. LONDON 


“On a recent visit to the United States, I came across a 


considerable amount of enthusiasm for your products. .” 
A. T. LONDON 


SAVAGE TRANSFORMERS LIMITED Devizes, Wiltshire Tel: Devizes 932 


TP/s9 
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World and have an excellent record of service under all climatic conditions, even at arctic — 


The famous Avometers are possibly the most widely used instruments of their type in the 


temperatures. In tropical climates, however, there is a constant risk of derangement due to 


humidity, heat, and the development of fungoid growths. To meet these conditions, the | 
| 
J 


8(S)X, which are suitable for continuous use in any extremes of heat or cold. In these instru- — 


manufacturers of Avometers have produced special types known as Models 7X, 8X and 


ments, certain components are potted in Araldite epoxy resin, which has the advantages of z | 
i 
remarkable adhesion to metals, ceramics, etc., good dielectric properties, low shrinkage, | 


resistance to moisture and extremes of climate, and complete freedom from micro-biological : 


attack. 


Araldite epoxy resins have a remarkable range of characteristics and uses. 


: 
t 
They are used x for producing glass fibre laminates + 
* for bonding metals, porcelain, glass, etc. for producing patterns, models, jigs, tools, etc. 4 | 


* 
* for casting high grade solid insulation * as fillers for sheet metal work 
* 


* for impregnating, potting or sealing as protective coatings for metal, wood 
electrical windings and components and ceramic surfaces 


See our Exhibit at Stand T.6, © : 

A.S.E.E. Exhibition, Earls Court, ; °. 

ee YALQIUC BeeaveyAyi7 
A... Revco: Lee A Ciba Company, 


Araldite is a registered trade name 


Duxford, Cambridge. Telephone: Sawston 2121 
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ELECTRONIC MOTOR CONTROL 
increased output 

means | improved product 

economy in operation 


25 : iy " [ST ; 
‘ iT + ay oC &@@ (Ga TAS ' 
; | gh : | : 


The “ EMOTROL ” electronic motor control system has been. 
developed by BTH to meet modern industry’s needs for automatic 
regulation, and stepless control with accurate speed over a wide 
range. It can be easily arranged to give automatic control of 
torque, mechanical tension, linear or rotational position, or other 
- electrical or mechanical quantities. Among its many applications 
are machine-tools, knitting machines, conveyors, printing-presses, 
fans, reeling and tensioning devices, etc. 


BTH “EMOTROL’ HAS THESE CLEAR ADVANTAGES 


e Wide speed range. * Operates from 50-cycle A.C. supply. 

© Accurate preset speed maintained * Current limit—protecting electrical apparatus 
irrespective of varying load conditions. and preventing overload on drive systems. 

e Available in a wide h.p. range—t to 600 h.p. Please write for full details, 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY, LIMITED, RUGBY, ENGLAND 
Member of the AE! group of companies A491 1 


A.S.E.E. EXHIBITION—VISIT OUR STAND No. J12. 
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Hermetically Sealed Co-axial Plugs and Sockets will with- 
stand a pull of up to 35 lbs., and are suitable for use with 
Uniradio 70 cable. 

They have been developed and Type Approved to 
Inter-Service Requirement under R.C.S. 322 and are 
freely interchangeable with the types which they supersede. 

The new types are hermetically sealed and 100% pro- 


| Improved cable clamps on the new range of our Miniature 
| duction tested. Sealing capsareavailable for uncoupled units. 


MAGNETIC DEVICES LIMITED 


A. I, D. & A. R. B.— Approved 
Exning Road, Newmarket, Suffolk 


Phone: Newmarket 3181/2/3. Grams: Magnetic Newmarket. 


“ A 
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MD 23 
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screw cores 


Gecalloy screw cores for Radio and Television provide an inexpensive 


and simple method of inductance adjustment. 


Moulding in three types of insulated powdered iron produces cores with 


the highest resistivity, ideal for H.F. and V.H.F. working. 


Available in three grades: M.E. for frequencies from 100 Kc/s to 50 Mc/s 
M.F. for frequencies from 5 Mc/s to 200 Mc/s 
M.A. for frequencies from Mc/s to 300 Mc/s. 


Write for leaflets giving full technical details. 


ALFOR'D ELECTRICAL INSTRUMENTS LIMITED 
(COMPONENTS GROUP) 
mMES MILL « HEYWOOD - LANCASHIRE ~ Telephone Heywood 6868 
London Sales Office: Telephone Temple Bar 4669 
mrec TDi ARY OF HE: GENERAL ERE Ces Gu Gcl S eee (FD, OU ENG LAND 
me 
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Volume Resistivity 14°C 10 
Ohm. cm. 100° C 2x 10 
200° C 4x 10'* 

300° C 3 x 1o!3 


Due to the high resistivity of Sintox, it is unsur- i 
passed as an electrical insulator and it is widely 
used for thermionic valve components, high | 
temperature terminations, multi-hole thermo- 
couple tubes and many other applications. 


Sintox Technical Advisory Service 


This service is freely available without obligation to those 
requiring technical advice on the application of Sintox Industrial 
Ceramics. Please write for booklet or any information required 


enclosing blue priut if available. SINTOX IS MANUFACTURED BY 
LODGE PLUGS LTD., RUGBY. @ 


THE PROCEEDINGS“OF THE 
INSTITUTION OF ELECTRICAL ENGINEERS 


TEN YEAR INDEX 
1942—1951 
TEN-YEAR INDEX to the Journal of The Institution of Electrical 


Engineers for the years 1942-48 and the Proceedings 1949~51 
(vol. 89-98) can be obtained on application to the Secretary, 


The published price is £1 ss. od. (post free), but any member 
of The Institution may have a copy -at the reduced price 
Of SI. (pastriree), 
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INVALUABLE IN EVERY FIELD OF INDUSTRY 


\ 
\ 
\ 
\ 


COSSOR 
OSCILLOGRAPHS 


Trial-and-error methods of 
fault evaluation are outmoded, 


inaccurate and expensive. 

With a Cossor Oscillograph, the 
modern Engineer is armed 

with an instrument that will 
display, measure and time the 
action of his electrical or 
mechanical machinery with 
precision, speed and certainty. 
It is worthwhile, therefore, to 
investigate the possibilities of 
these versatile instruments in your 
Industry by writing to: 


C } 8 S () R INSTRUMENTS LIMITED 


The Instrument Company of the Cossor Group 
COSSOR HOUSE - HIGHBURY GROVE - LONDON, N.5 


Telephone: CANonbury 1234 (33 lines) Telegrams: Cossor, Norphone, London Cables: Cossor, London 
~ (CL.104) 
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ILLUSTRATED 


| 3; DETACHABLE BIT MODEL eerere bench 


ine assembly, 
(List No. 64.) etc.) 


PROTECTIVE SHIELD (List No. 68). 


We're skating on || SOUND SOLDER JOINTING 
thick ice |p caecrtcStcime permantne fines 
| in any SOUND UNIT. 


Sound Units are made with 
SOUND JOINTS 


Sound Joints are only made 
by using 


| AIDCOLEy 


(Regd. rade Mark ) 
PATENTED 


When we say that we can execute your SOLDERING INSTRUMENTS 
orders to the highest standards and in and EQUIPMENT 

the best materials, with uniform quality 
throughout, and deliver them in bulk on 
or before time, we are not just making 


: : 3 Catalogues 
empty claims without the means or in- f 
i 4 Head Office, Sales and Service 
tention of carrying them out. TD 
Behind these words we have an organisa- ADCOLA PRODUCTS LTD. 
f : i ; : GAUDEN ROAD 
tion designed specifically to do just this CLAPHAM HIGH STREET 


Telephones: 


and it’s doing just this at the moment for LONDON, S.W.4 MACaulay 4272 & 3101 


the many well known concerns that we 
have on our books. It can do itfor you too. 


NEWTON-OERBY 


ELECTRICAL EQUIPMENT | 
High Frequency Alternators 


(Send for Publication No. 1003/2) 


Also makers of Rotary Transformers and Converters, Wind 
and Engine-Driven Aircraft Generators, High Tension D.C. 
Generators, and Automatic Carbon Pile Voltage Regulators. 


As supplied, in a special heat resisting 
phenolicmaterial, to The Zenith Carburetter 
Company Limited. 
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Metropolitan 


LE Caste? 


2$kVA Motor Alternator. 
Drip proof to 45°. Motor 


a a a | 
220 volts D.C, Output 120 volts. 3 phase. 333 cycles per second. 
a S H C S i Mm { e | Mover includes an automatic constant speed governor. Weight 
450 lb. } 


| NEWTON BROTHERS 


Specialists in thermo-setting plastics (DERBY) LTD 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY 
TELEPHONE: DERBY 47676 (4 lines) TELEGRAMS: DYNAMO, DERBY 
GisnvilleGrove<Desiteraaloniome ks LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W.C.2 
Telephone: Tipeway 1172 
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HAVE THE RANGE... 


Silicon Transistors 


Small Signal 


This range of general purpose transistors is used for high gain, 
low level applications. Special features are :—negligible leakage 
current, a minimum alpha cut-off frequency up to 20 Mc/s, anda 
tetrode series providing 16 db gain at 30 Mc/s. 


Medium Medium Power 


Power 
Transistor These 4-watt diffused base silicon transistors are ideally suitable 


for output stages in servo amplifiers. A pair in push-pull operation 
provide sufficient power to drive many types of servo motors. Two 
types are available, one with a maximum collector voltage of 60, 
the other of 100; the former is particularly useful for operating from 
28-volt battery supplies. 


High Power - 


Texas high-power transistors permit remarkable miniaturisation 
of power equipment. A collector dissipation of 374 watts with 
complete reliability, in such a small device can only be achieved by 
using silicon, Furthermore, these transistors have a typical alpha 
cut-off frequency of 5 Mc/s. 


eee Silicon Diodes 


Transistor 


Medium Power Rectifiers 


The new Texas diffused silicon technique has brought a funda- 
mental change in semiconductor rectifiers. Peak inverse voltages up 
to 600 are featured in each of two ranges now readily available:— 
a metal-case rectifier provides a mean rectified current of 750 mA, 
and a glass-seal type provides 400 mA together with a forward to 
reverse current ratio of 2 x 106: 1. - 


Computer Diodes 


These miniature glass sealed diodes have a maximum recovery time 
of 0.3 micro sec with a forward current rating of 100 mA; there are 
three types with P.I.V. ratings of 50, 100 and 150 volts. The 
capacitance is 2.7 pico-farads at — 10 volts, 1 megacycle. 


emanate caaalentaivaa Complete data sheets are available on request. 
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All illustrations are actual size . = 


TEXAS INSTRUMENTS LIMITED 


DALLAS ROAD - BEDFORD - TEL: BEDFORD 68051 - CABLES TEXINLIM BEDFORD 
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AIRMEC EXHIBITION 


OF ELECTRONIC INSTRUMENTS 


We extend to you a cordial invitation to see our complete range of electronic equipment, 


including several ENTIRELY NEW INSTRUMENTS | 
«se NAPIER HALL 


VINCENT STREET, LONDON, S.W.| | 


(2 minutes walk from the Horticultural Halls) ~ | 


ON 


MARCH 24-27th 
Mon. — Wed. 10 a.m.-7 p.m. 
Thurs. 10 a.m.-5 p.m... 


| 
eee 


al 


tt Bie ADMISSION BY TICKET ONLY 


Please write or ers for tickets to 


AIRMEC HIGH WYCOMBE, BUCKS. 
Lio) 4kiv aloe Ding: Ea se B 


D Telephone: HIGH WYCOMBE 2060 


= 


It doesn’t matter 


whether you call it.... the CARPENTER Polarized Relay 
or the Carpenter P O LA RI ZE D Relay 
or the Carpenter Polarized RE LAY 


it is the polarized relay, with the UNIQUE combination of superlative character- | 
istics, that has solved, and is continuing to solve many problems in... 


DRE YS! 


High speed switching *Control - Amplification : Impulse repetition. 


Pope. 
Peal for: 
Industrial recording ; Biological research | 
Aircraft control and Theatre lighting ‘‘dimmer”’ ‘| 
navigational equipment and colour mixing equipment 
Analogue computers Automatic pilots 
Temperature control Remote control of Radio links. 
Servo mechanisms Theatre stage-curtain control 
Submarine cable repeaters Long distance telephone dialling. - | 
Burglar alarm and fire detection equipment’ .F. Telegraphy ‘ a 
Nuclear operational equipment Cc eton etc: 


Therefore —if your project, whatever it may be, calls for a POLARIZED 
relay, with high sensitivity, high speed without contact bounce, freedom 
from positional error, and high reliability in a wide range of temperature. 
variations, you cannot do better than use a CARPENTER POLARIZED. 
RELAY. 


| 
| 
| 
| 
| 
| 
| 
| Automatic machine control Teleprinter working 
| 
| 
| 
| 
| 
| 


TYPE 4 TYPE 6 


Write or ‘phone for technical data— 
5 Basic types are available each ( 


Basic types are available each TELEPHONE MANUFACTURING CO. LTD | 
with several variations for specia ‘ 


purposes, aa DEPT. 407, HOLLINGSWORTH WORKS + DULWICH + LONDON SE21 
| TELEPHONE: GIPSY HILL. 2211 ae i 
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Permanent : | 
Advisory 


Magnets : 
Service 


Facilities for technical co-operation in the utilisation of magnet materials 


An increasing number of equipment designers are taking 
advantage of the Mullard Design Advisory Service on perm- 
anent magnets. Through this service they can obtain specialist 
assistance on the selection, design and application of 
permanent magnets—assistance that will help them ensure 
optimum magnet performance in the finished. equipment. 
The service is available to all users of permanent magnets, so 
if you have a design problem just write or telephone the address 
below: a team of specialist engineers will be at your disposal. 

To help with the many day-to-day problems that designers 
encounter, the Mullard Design Advisory Service is preparing a 
series of advertisements covering a wide range of subjects 
from Modern Magnetic Theory to the application of Magnets 
for Nuclear Research. A new advertisement will be published See us at the 
monthly and each will be readily identified by the symbol Sow 
shown above. If you would like to collate reprints of the 


Stand 22 
series for reference, just send us a postcard and we will see Grosvenor House 


April 14th—I7th 


that you receive them regularly as they become available. 


“TICONAL’ PERMANENT MAGNETS 
MAGNADUR CERAMIC MAGNETS 
FERROXCUBE MAGNETIC CORES 


Mullard k= 


GOMPONENT (DIMISTON, MOLT AR D SruOWs Eo. ORRIN GION 4PLACEs. Wo.) 


MULLARD -LIMITED, 
MC260 
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PHILIPS 


in Science and Industry alike... 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


Century House -: Shaftesbury Avenue : London - WC2 


Radio & Television Receivers - Radiograms & Record Players - Gramophone Records « Tungsten, Fluorescent, Blended and Discharge Lamps & Lighting Equipment - ‘Philishave’ 


Electric Dry Shavers + ‘Photoflux' Flashbulbs - High Frequency Heating Generators - X-ray Equipment for all purposes - Electro-Medical Apparatus - Heat Therapy Apparatus ® ¥ 
Arc & Resistance Welding Plant and Electrodes - Electronic Measuring Instruments - Magnetic Filters - Battery Chargers and Rectifiers * Sound Amplifying Installations - Cinema § 


Projectors : Tape Recorders - Health Lamps - Hearing Aids - Electrically Heated Blankets Ve 
(P23 REV.) 


Wire in modern 


perspective 


This Company manufactures an extensive 
range of insulated wires designed to 

meet all electrical needs and all 

types of application. 


Additionally, a first class technical 
service based upon considerable 
experience and progressive research 
is offered to all manufacturers 

of electrical apparatus. 


L Ew Cc Oo Ss the largest manufacturers of | 
| . insulated wires and strips in Europe 


THE LONDON ELECTRIC WIRE COMPANY AND SMITHS LIMITED OE 


\ 
b 
aS 


LEYTON +: LONDON : Ero 
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EDISWAN transistors 
If you are manufacturing or designing electronic 
equipment you will find this folio of data sheets helpful 


MAZDA 
as a source of reference. It gives you comprehensive 
information and characteristic curves covering the 
whole range of EDISWAN Mazda transistors. 


Simply ask for the P-N-P Transistor Folio on your business notepaper 


CRC ¥4/4 


SIEMENS EDISON SWAN LIMITED 
I55 CHARING CROSS ROAD, LONDON, W.C.2. AND BRANCHES. 


TELEPHONE: GERRARD 8660. AN A.E.I. COMPANY. 
SIESWAN WESTCENT, LONDON. 


TELEGRAMS : 


iii 


Tel. EAST 1431 


ZENITH 


(REGD, TRADE-MARK) 


Automatic 


VOLTAGE REGULATORS 


with Electronic Control 


Essential for many purposes where 
a constant pre-determined supply 
voltage is required, these Regulators 
are designed to give a controlled 
output voltage within 1% with 
input voltage 
variations up 
to plus — or 
minus 10%. 
Manufactured 
for single- and 
three - phase 
loads from 5 
up to 23 kVA 
per phase. 


Illustrated 
brochure _free 
on request. 


: a 
The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 

LONDON, N.W.2 / on 


Telephone : WILlesden 6581-5 Telegrams : Voltaohm, Norphone, London 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


THE INSTITUTION OF ELECTRICAL ENGINEERS ! 


THE 98 
INQUIRING MIND| 


A film outlining the opportunities for a career 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Head | 
Commentator: Edward Chapman 


Copies of the film may be obtained on loan by schools 
and other organizations for showing to audiences of | 
boys and girls interested in a professional career in 
electrical engineering. The film is available in either | 
35mm or 16mm sound, and the running time is 30 min. | 


Application should be made: to 
THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, W.C:2 
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servo-amplifier, but 
look at the price... 


£17 


IDEAL FOR EXPERIMENTAL WORK & TEACHING 


This new servo-amplifier is used as a standard sub- 


unit in our automatic control systems and is now 
available separately from stock at the very low price of 
£17.0.0. Suitable for most split-field d.c.servo-motors 
the amplifier has a gain of 2,000 mA per volt and 


uses components approved for operation up to 70 °C. 


Please write for full specification. 


also look at the New 
Servomex Price List— 
price reductions beat 
price increases, 13-0 


Our new price list effective January Ist shows no price 
increases. On the other hand it includes 13 price reductions! 
This in spite of increasing costs of raw materials. 

Increased demand and still further improved production 


methods once again benefit all our customers. 


Send for your copy 


Servomex Controls Limited . Crowborough Hill - Jarvis Brook - Sussex + Crowborough 1247 
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You don’t often see 
relay like this! 


Series 285 


e Fast operating 
¢ Negligible bounce = 
e Exceptional life 


e Exceptional insulation : | 


gnetic Devices 


A.D. AND ARB. APPROVED ML. “SH” ED 


MAGNETIC DEVICES LTD., EXNING ROAD, NEWMARKET, SUFFOLK 


Phone; Newmarket 3181/2/3 Grams: Magnetic Newmarke!| 


MD 2! 
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written request. 


The ASR-1150 
Weighs 11 lb. 
Measures 84 x 44x 5 
Price £25.16.0 Net 


laude f 


Telephone: HO Ddesdon 3007-8-9 


SMALL?... YES! But 


GIANT 
PERFORMANCE 


A.C. Voltage Stabiliser, Type ASR-1150 


This Stabiliser, of the A.C. automatic voltage step- 
regulator pattern, will handle loads up to over I kilo- 
watt—and has an output of 5 Amperes at (usually) 
230 volts. As a general rule it weighs only about 
1/10 of the so-common ‘“choke-condenser” types 
offered by many competitive firms. It has no large 
high-rating capacitors—which fail regularly in 
“resonated” types of Stabilisers, and which are very 
expensive to replace. 


ASR-1150 is insensitive to changes of mains frequency, works equally well from 0%, to 
100% load (maximum loading 1150 WA), and has sinusoidal output waveform. The 
degree of Stabilisation it provides is ample for very many purposes. 

Complete details of our entire range of Regulators, of which there are many patterns 
ranging from 200 VA to about 30 kVA (single-phase) are given in our new 32 page 
Automatic Voltage Regulator Catalogue (S-574) which will be sent at once against your 


STABILISER DIVISION 


ff 
DONS f 1d, WARE RD* HODDESDON : HERTS 


Grams: Minmetkem, Hoddesdon 


Head Offices: 76 OLDHALL ST., LIVERPOOL, 3. Telephone : Central 4641/2 
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SILICON 
ZENER 
DIODES 


Z2 SERIES 


ZENER DIODE TYPE 


+ 20% 


NOMINAL VOLTAGE 


are available 
from production 


HAVE A LARGE DISSIPATION 
FOR THEIR SIZE 


are available. 
from production 


ARE SUITABLE FOR HIGH 
TEMPERATURE OPERATION 


are available 
from production 


HAVE A LOW TEMPERATURE 
CO-EFFICIENT OF VOLTAGE 


are available 
from production 


ARE SUITABLE FOR USE AS 
REGULATORS, LIMITERS, 
SURGE SUPPRESSORS, 
AND REFERENCE VOLTAGE 
APPLICATIONS 


are available 
from production 


VOLTAGE RANGE 


Z2A33 Z2A47 Z2A68 


Z2A100 


Registered Office : Connaught House, Aldwych, London, W.C.2 


Z2A15O0 4. 


Standard Telephones and Cables Limited — 


RECTIFIER DIVISION 


EDINBURGH WAY »- HARLOW .- ESSEX 


The Institution is not, as a body, 


responsible for the opinions expressed by individual authors or speakers. 


An example of the preferred form of bibliographical references will be found beneath the list of contents. 


THE PROCEEDINGS OF 
HE INSTITUTION OF ELECTRICAL ENGINEERS 


EDITED UNDER THE SUPERINTENDENCE OF W. K. BRASHER, C.B.E., M.A., M.I.E.E., SECRETARY 


ae 105. PART”“B: No, 20. 


MARCH 1958 


|. 396.946: 621.396.969.35 


The Institution of Electrical Engineers 
Report No. 2552 
Mar. 1958 


© 


RADIO OBSERVATIONS ON THE RUSSIAN SATELLITES 


A Discussion Meeting 


G meeting of the RADIO AND TELECOMMUNICATION SECTION, on the 22nd November, 1957, a number of short contributions were presented, 
describing the part played by radio in observing the behaviour of the Russian earth satellites. There were two sessions, at each of which the 
contributions were followed by a discussion. At the end of the second session there was a general summing-up by Dr. R. L. SmitH-Rose. 


ssion I 


INTRODUCTION 
R. L. F. BOYD, Ph.D., B.Sc.(Eng.), Associate Member. 


We at University College are, of course, very interested in the 
yject of artificial satellites because, with others, we are con- 
ned in the British research at high altitudes, using the excellent 
le Skylark rocket so successfully built for us by the R.A.E. 
is vehicle, it is hoped, will ultimately enable us to attain 
itudes of something like 300 km, and it is beyond this altitude 
it it really becomes worth considering the use of satellites for 
dloration. 
First let us consider the fact of these launchings. I think that 
> time of the launchings came as no great surprise, but most of 
were surprised to learn the weight of material that the Russians 
d fired into the upper atmosphere. At the beginning of this 
eting we ought to say that we regard this as a very con- 
erable scientific achievement, and we compliment those 
ponsible on the result that they have achieved. There is 
le doubt that the degree of precision in the launchings is 
sellent, and quite above what might have been expected. 
[ would, however, go on to say, with due respect to the 
issians, that this may not be the best way of doing research 
these altitudes. I believe that the American approach, with a 
nimal vehicle, the Vanguard, is in the long run—provided it 
es what it is intended to do—a better method of doing upper 
nospheric research, in that it is a great deal cheaper. On the 
ier hand, if there are, linked to a military programme, vehicles 
‘ich are capable of taking 1 ton to the upper atmosphere, we 
scientists are pleased to make use of them. There is little 
wbt that there has been a considerable achievement in rocketry 
*, and it is likely that the rocket motors are an advance on 
: <ind of thing intended for the Vanguard vehicle. 
tet us now consider the scientific purpose behind these 
wichings. It is possible to impress the world at large tre- 
#dously by sending very weighty vehicles to circulate round 
> world, but, of course, the primary purpose in an experiment 
4is kind is to obtain data on conditions in the upper atmo- 
re and in outer space. It is clear that the intention of the 
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Russians in the launching of Satellite I was first to show that it 
is possible to launch a satellite of this kind; secondly, to study 
the ionosphere by means of the radio link between the satellite 
and the ground; thirdly, by observations on the orbit and on the 
perturbations of the orbit, to obtain data on the figure of the 
earth; and finally, since a spherical satellite was chosen, to obtain 
data of the drag of the atmosphere on the satellite itself. 

On the other hand, Satellite II is similar to Satellite I in almost 
every respect, except that the sphere containing the transmitter 
has not been ejected from the rocket, so that there is a large and 
massive satellite circulating. 

The problem of obtaining data on the upper atmospheric 
density by means of drag is complicated by the irregular shape 
of the second satellite, and it is also clear that one of the major 
intentions here is not a scientific project at all; it is a project in 
space exploration. The purpose is to discover something about 
the hazards of space travel. Probably the greatest hazard, or 
the greatest uncertainty so far as hazards are concerned, is that 
of cosmic rays. Since it is clear that the observations on the 
dog fired in Satellite Il have not lasted long enough for an ade- 
quate study of their effect to be made, I suppose we can assume 
that the Russians have intended to discover first the effect on a 
mammal of the acceleration during launching, and then the 
effect of a prolonged sense of weightlessness. It is reported that 
the second satellite carries devices for measuring the incoming 
flux of cosmic rays and devices for measuring the flux of solar 
ultra-violet light. 

The satellite is a particularly useful means of observing solar 
radiation, because of the importance of the sudden variations 
in the Lyman-« and X-radiation. It is difficult by means of 
rockets to observe these fluctuations satisfactorily, as one never 
knows when an outburst on the sun is going to take place. Efforts 
have been made to have rockets ready to be launched, either 
hanging from balloons at a great altitude or standing by on 
zero-length launchers to be fired at the first signal from an 
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observatory that a flare has occurred; but the satellite is there 
all the time, and that offers a great advantage for this type of 


study. 
I wish to turn your attention to cosmic rays for a moment. 
In the second column of Table 1 are given, so far as they are 


Table 1 
COMPOSITION OF THE PRIMARY CosmMIC RAYS AT GEOMAGNETIC 
LATITUDE 41-5°N 
(from Webber) 


Component Intensity Astronomical abundance 


H 


He 
Li, Be, Bo 
Atomic No. >6 


known at present, the intensities of the cosmic rays having 
the composition given in the first column. There are two 
things here which are important. From the point of view of the 
space hazard—which I do not feel to be a tremendously important 
scientific investigation, but one which interests those concerned 
in space travel—the particles of large mass (in the last line of the 
Table) are those which are most damaging when they pass 
through the organs of the body because they are capable of 
producing intense ionization along their track. The question of 
importance is whether the rate of cause of damage to the organs 
by these intensely ionizing radiations is greater than the rate of 
repair that the body can carry out. Upon the answer to this 
question depends ultimately whether or not space travel for 
human beings is a possibility. 

From the point of view, however, of our understanding of the 
universe in which we live the third line of the Table is of much 
greater significance. It will be noticed that the light particles— 
Li, Be and Bo—have fluxes in the atmosphere which are greatly 
in excess of the ordinary astronomical abundance of these sub- 
stances, given in the last column. The significance of this is that 
these particles arise from the fragmentation of heavier particles, 
and from a measure of their relative abundance we can hope to 
obtain information concerning the path which the cosmic rays 
have travelled from their point of origin in the universe. 

Table 2 is a list of some of the studies for which the satellite 


Table 2 


SATELLITE STUDIES 


Geophysical Celestial 


Density, temperature and com- 
position above 200km 


Solar (and stellar) spectroscopy 


Ionization beyond maximum of 


( Cosmic rays—Heavy component. 
F-layer; radio propagation 


Flux of Li, Be, Bo 


Geodesy Solar storm phenomena 


Geomagnetism Meteors and interplanetary dust 
Meteorology and albedo of the 


Interplanetary gas 
earth 


is particularly suitable. In the first column are the geophysical 
studies. Of primary importance are the data which can be 
obtained by means of the satellite on the density, temperature 


THE RUSSIAN SATELLITES 


and composition of the atmosphere at heights greater tha) 
200km. It becomes increasingly difficult at these heights t: 
make measurements by means of rockets. The gas carried u 
by the rocket and by the instruments by which such measuremen} 
are made is a serious difficulty. The pressure in any case is 8) 
low that it is much better than the best vacuum normally use i 
in the laboratory. | 
Probably of comparable importance is the study of th ; 
ionization beyond the peak of the F-layer. The ordinary methoc 
of radio sounding depend on reflection, and beyond the peak © 
the F-layer appreciable reflection does not take place, so the 
it is very difficult to study the ionization density from the grounc 
It is not true to say that we can get no data. We can refle 
signals from the moon, and we can make use of radio-astronom))) 
but the ordinary method is not suitable here. ; 
The next study concerns finding the shape of the earth and th 
distribution of land masses, and so on. We can discover suc 
things as the size of the equatorial bulge, and eventually mak» 
precise observation of the distances between the continent; 
The problem of geomagnetism is also one on which the satellit » 
can help, partly by giving an accurate overall survey of oa 
ray intensities. Cosmic rays are subjected to a magnetic fiel 
differing from that to be inferred by observations at the surfac 
of the earth, because of the currents flowing in the higher level. 
of the upper atmosphere. 
Then we have the study of meteorology, the exploration b 
photographic or phototelemetric methods of the distribution ¢ 
clouds, the gathering of hurricanes and phenomena of this type 
and also of the amount of energy reflected from the surface of th 
earth. : 
In the celestial column there is the whole subject of sola’ 
and stellar spectroscopy, in regions of the spectrum where ligh: 
is absorbed by the atmosphere itself. I have already mentione 
the cosmic-ray flux and the solar-storm phenomena. There 1) 
the possibility of obtaining information on the density of th’ 
micro-meteoric dust, regarding which there is at present a dis) 
crepancy between the various methods of observation amountin/ 
to a factor of over 1000. Depending on the character of th’ 
dust and upon the quantity coming in, this may possibly hay 
an effect on the weather. There seem to be some data—thougl 
this is disputed—to show that there is a displaced correlatii 
between the meteoric showers and the days of wettest weather. 
There is the further possibility of determining the concentratior 
of interplanetary matter by means of its fluorescence in theray 
of the sun. 
Table 3 shows the forces acting on the satellite. There are thr 
gravitational forces, the geocentric force, the forces due to thr 
non-uniform distribution of matter, and the forces due to thi 


Table 3 


Forces ACTING ON ARTIFICIAL SATELLITES 


Gravitational Electromagnetic 


Aerodynamic 


Eddy current damping | Airdrag 
of spin 


Geocentric force 


Non-centric geophy- 
sical forces (equa- 
torial bulge, moun- 
tain masses, non- 
uniform density 
distribution) 


Westerly wind of - 
rotation 


Bernoulli forces 


Air damping of 
spin 


Celestial gravitation 
(sun, moon) 


Electrostatic drag 
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mn and moon and other celestial bodies. The effect of the sun 
id moon is very small, and the perturbations become appre- 
able only over hundreds of years. 

There is electromagnetic damping of the rotation of the satellite 
xe to eddy currents induced in the earth’s field, and also an 
sctrostatic drag component due to the fact that the satellite 
comes charged to a potential of some ten volts or more by 
st electrons and drags after it a space-charge of ions of the 
»posite sign which augment the drag of the upper atmosphere 
a the vehicle. This drag is comparable, at 300 miles, with that 
verted by the atmospheric particles themselves. 

The fact that the earth is rotating beneath the orbit of the 
tellite, and that there is therefore continuously a westerly 
ad acting on that orbit, would eventually cause detectable 
srturbation. There are also the Bernoulli forces on the satellite 
ae to the fact that it is rotating and that the pressures on the 
ont and the back of the satellite are not the same. 


In conclusion, I will point out the principal elements of the 
orbit that it is important to determine. The observations of the 
earth’s satellite are aimed at determining six quantities. If we 
can determine these and their variation with time we can explore 
with an otherwise inert satellite the distribution of mass in the 
earth and the effect of air drag and so on. These quantities are: 


(i) The height of the perigee. 

(ii) The height of the apogee. 

(iii) The position in the celestial sphere of the ascending node, 
i.e. the intersection of the orbit plane with the equatorial plane on 
the side of south-to-north passage. 

(iv) The angle which the line joining the apogee to the perigee 
makes with the ascending node. 

(v) The inclination of the orbit, i.e. the angle between the orbital 
plane and the equatorial plane. 

(vi) The time of passing the ascending node. 


It is part of the business of this meeting to discuss how radio 
measurements assist in the determination of these quantities. 


OBSERVATIONS AT CAMBRIDGE 
J. R. SHAKESHAFT, M.A., Ph.D. 


‘The news of the first satellite reached the Cavendish Laboratory 
iy on Saturday, Sth October, the satellite having been launched 
© previous evening. It was decided to adapt existing equipment 
order to make observations of its track. We hoped that such 
servations might be of use in predicting positions for optical 
1d radar observers, because, of course, the inherent accuracy 
‘optical observations is very much greater than can be achieved 
‘ radio measurements. In fact, however, the climate of this 
and being what it is, few photographs have been taken, and I 
‘lieve that I am correct in saying that much of the work done 
‘ the Nautical Almanac Office has been based on radio obser- 
tions. 
On the night of 5th-6th October it was found that a strong 
mal was detectable from the satellite, and on the 6th an inter- 
rometric aerial was set up at the Mullard Radio Astronomy 
bservatory. This consisted simply of two horizontal full-wave 
poles at 40 Mc/s, separated along an east-west line by a spacing 
four wavelengths, which at 40 Mc/s is just under 100ft. The 
quencies of transmission were 40-002 and 20-005 Mc/s. At 
e start, when the first satellite went up, the signals were inter- 
ittent, with a repetition frequency of about 3 per sec. We are 
Id that this pulse frequency was a measure of the temperature 
side the satellite. 
The higher frequency was chosen for the interferometer in 
der to reduce ionospheric refraction effects, though observa- 
ons were made later at 20 Mc/s and also at the second harmonic 
the 40 Mc/s transmission to learn about these effects. 
The two 40 Mc/s aerials making the interferometer were con- 
cted to a ‘phase-switching’ receiver, the output of which 
ables the phase difference between the signals arriving at the 
‘2 aerials to be determined at short intervals. The reception 
tiern of the interferometer is a series of fringes which intersect 
'y horizontal plane above the aerials in a set of hyperbolae 
vich are loci of constant phase difference, their shape depending 
1 ‘he height of the plane. To a first approximation the satellite 
thin, say, 500km of the observing station may be considered 
foving in such a plane. ae : 
Tig. 1 gives some idea of the orbit of the satellite in relation 
‘his country. The inclination of the orbit which Dr. Boyd 
e* tioned, the angle which the plane makes with the equatorial 
4e, is nearly 65°, which means that the maximum latitude 


Fig. 1.—The orbit of Satellite I in relation to the latitude of 
Cambridge. 


The times indicate the approximate position of Cambridge during the successive 
transits. 


reached by the satellite is also 65°. The small circle on which 
Cambridge lies, at a latitude of 52°12’, is marked. We can 
consider the orbital plane as fixed, with the earth rotating so 
that Cambridge moves eastwards along the small circle beneath 
the orbit. The position of Cambridge at successive times of 
transit is marked. It will be seen that, since the satellite can be 
detected at 40 Mc/s within a range of about 2000km, 7 transits 
could be observed out of the total of 15 in a day. These 7 in 
fact occurred for the first satellite during the night. This was 
fortunate, in spite of the discomfort of night work, because it 
meant that the severe daytime interference which we have been 
experiencing and which upset the recording of the second 
satellite was avoided. 

A rough value of the inclination was found from the rate of 
transit of the satellite across the interference fringes when the 
satellite was passing far to the north of Cambridge. The satellite 
was then moving parallel to the line of the aerials and transversely 
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across the fringes. The velocity used was initially calculated from 
the measured period by assuming the satellite to have a circular 
orbit. From the inclination, the angle at which the track crossed 
the meridian at Cambridge was found and it was then possible, 
as shown in Fig. 2, to use the observed times of zero output to 


W 


100 kr] 


Ss 


Fig. 2.—Grid lines for a height of 530km showing the derivation of 


the track relative to Cambridge. 


determine a unique track and height. The times were converted 
into distances by means of an assumed velocity and then the 
track was adjusted, maintaining the correct orientation, until 


these positions coincided with the hyperbolae. 


The time of 


crossing the meridian could then be read off, and also the location 


of the track with respect to the aerials. 


For the more distant tracks, account had to be taken of the 
curvature of the orbit, and when an elliptical orbit had been 
derived, the variation of velocity had to be considered. 

Measurements of the apparent changes of frequency due to 
the Doppler effect were started on the 6th October, but I will 
not dwell on the details as other speakers will be describing them. 


Table 4 


Inclination an me sh 
Period between successive northward 

crossings of lat. 52°12’ 
Rate of decrease of period ee Aes st 
Height at latitude 52°12’ on northward passage. . 
Height at latitude on 52°12’ southward passage. . 
Semi-major axis er me we Bs ae 
Eccentricity .. a a 
Latitude of perigee .. te sy 
Longitude of ascending nod ae 
Retrograde motion of ascending node .. 
Meridian passage at Cambridge on 15.10.57 
Height above mean radius of earth at perigee 
Height above mean radius of earth at apogee 


64°40’ + 10’ 
5 750-0 solar sec 
+ 0:3sec 
2-2 + 0:1sec/day 
223 + 10km 
470 + 15km 
6937 km 
0-053 + 0-001 
AGING Se eh 
SOUL ap 16y 
Se sey 
21h8m 41s U.T. 
197 + 10km 
934 + 10km 


Our Doppler measurements were combined with those from 
other stations, and also with the interferometer results, to derive 
an approximate orbit for the 15th October (Table 4). 

The decrease in period of about 2sec per day corresponds to 


a change in the semi-major axis of 3-5km per day. It can bili: 
shown that, for an elliptical orbit such as this, all but a fev 
percent of the change occurs on the height at apogee, the 
greatest height, so that the height at perigee hardly alters. , 

Because of the importance of the rate of change of period Ir) 
connection with the determination of the air density, the variatior) 
of the period is shown plotted in Fig. 3. A curvature is detectable F 
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Fig. 3.—Variation of the true period. 


showing that the satellite is getting down to regions of greater! 
density. By assuming a mass of 84kg and a diameter of 58cm; 
for the satellite, as stated by the Russians, and an atmospheric} 
temperature of 1000°K, an approximate value for the air 
density at 200km is obtained of 4 x 10~!3 g/cm3. This cal-| 
culation ignores any electrical drag effects. A more accurate’ 
determination will no doubt become available in due course. 

At the risk of trespassing on other speakers’ preserves, I must 
mention the fascinating periodic fluctuations of intensity which 
have been observed at all three frequencies. We believe these 
to be caused by a combination of the rotation of the satellite 
itself at about 7r.p.m. and the Faraday effect, ie. the rotation 
of the plane of polarization of the transmitted wave in the 
ionosphere due to the earth’s magnetic field. A detailed examina- 
tion of these effects, and also of the Doppler records, is in 
progress at the Cavendish Laboratory to investigate the iono- 
sphere, but no results are yet available. 

The transmitter in the first satellite lasted three weeks, but 
that in the second only five days. The orbit of the second 
satellite is closest to Cambridge during dawn and daylight hours, 
and daytime interference spoilt many observations. The orbit, 
however, is very similar to that of the first satellite, except that 
it has a larger major axis and is more elliptical, the lowest height 
being about the same as before but the highest about 1600km 
instead of 900km. The period is 103 min. 

I should like to end*by thanking all those workers in other 
laboratories who have helped us so much during the last seven 
weeks. 
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APPARATUS USED AT THE ROYAL AIRCRAFT ESTABLISHMENT 
A. N. BERESFORD, B.Sc. 


|I am going to describe the apparatus used by the Radio 
jepartment at the Royal Aircraft Establishment, with which 
e tracked the two satellites. I shall start with the characteristics 
* a germanium junction diode (the T19G), which, overall, is 
‘Smm long and has a diameter of 3mm. From the d.c. 
aaracteristic (Fig. 4) it will be seen that 0-8 volt drives about 


Se O-1uLO:2 mM ROSIeNO:400 0:5 0615 0.7) 0-6 
VOLTS (D.C) 


‘Fig. 4.—D.C. characteristic of germanium junction diode. 
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Fig. 5.—200 Mc/s measurements. 


(a) Schematic. , , 
(b) Relation between r.f. resistance and direct current. 
; © D.C. slope resistance. 


(c) Equivalent circuit. 


100mA through the diode and that the slope resistance is con- 
siderably less than the d.c. resistance. 

We have made r.f. measurements on this diode with the 
apparatus shown in Fig. 5(@). The technique, which will be 
familiar to most of you, is particularly well suited to this type of 
measurement: varying direct currents can be sent through the 
diode from the input end of the slotted line, chokes and con- 
densers at this end having no effect on the measurement. With 
l.f. modulation on the signal generator, and an a.f. amplifier 
following the detector, measurements can be made with an 
input of about 0-1 volt (r.m.s.). 

The graph [Fig. 5(5)] shows the r.f. resistance at 200 Mc/s that 
is obtained by these means for various direct currents. Above 
about 50mA, the r.f. slope resistance varies little and is about 
3 ohms. On this graph are also shown, as circles, the slope 
resistance for the same crystal obtained by drawing tangents to 
the d.c. characteristic: some correlation is evident. Reversing 
the battery in Fig. 5(a), the cut-off impedance is measured and 
is found to be purely reactive, corresponding to about 0-6pF. 
This value is very nearly constant with changes in direct voltage 
from zero to —12 volts. 

This diode, then, is ideally suited to function as a small-signal 
switch, being equivalent to 3 ohms when cut on and 0:6pF 
when cut off. This is a switching ratio at 40 Mc/s of more than 
1000: 1. Before describing how this switching facility is used 
in the interferometer, I should like you to consider Fig. 6, which 


(a) 


(b) 


Voz Vv Sin Wt -o) 


Fig. 6.—Two identical aerials connected via a coaxial cable. 


(a) Interconnection of two aerials. 
(6) Equivalent circuit. 

(c) V.S.W.R. pattern for « = 0°. 

(d) V.S.W.R. pattern for « = + 90°. 


shows two identical aerials interconnected by a coaxial cable. 
Three simplifying assumptions will be made: 


(i) That each aerial has a radiation resistance equal to the 
characteristic impedance of the cable. 
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(ii) That the signals picked up by the two aerials have the same 
amplitude, but not necessarily the same phase. 
(iii) That the cable is lossless. 


Under these conditions we have the equivalent circuit as shown 
at (6). An infinite v.s.w.r. will be established in the cable 


given by 
V v sin ( t zl) cos (a ps) 
= W _ _ 
r- 


where 2/ is the length of cable, x is measured from the cable 
centre and A, is the wavelength in the cable. That is, an ampli- 


FROM 
AERIAL 1 
(a) 


FROM 
AERIAL 2 


(b) 


(Cc) 


Fig. 7.—Radio-frequency crystal switch. 


(a) Normal form of artificial line. 
(6) Artificial line actually used. 
(c) Switching waveforms: amplitude = 1 volt, peak to peak. 


tude pattern is set up in the cable and the phase of this pattern 
is directly proportional to the phase difference appearing at 
the aerials. 

If we now break the cable at the centre and insert an artificial 
line having the same characteristic impedance as the cable, the 
pattern is not disturbed, but we can now feed the pattern into a 
receiver as amplitude modulation of the incoming carrier (Fig. 7). 
The form of artificial line actually used is shown at (b). The 
electrical length of the line is 135° with the germanium diodes 
at 45° intervals. This equivalent network, (5), is more convenient 
than (a) as it enables the diodes to be switched via the shunt 
inductances. 

It would, of course, be perfectly possible to use a mechanical 
switch instead of the diodes, but the latter have the following 
advantages: 


(i) The switching speed may be varied over wide limits—from, 
say, 5c/s to 10kc/s. 
(ii) The change-over from one diode to the next may readily be 
made faster than 1 microsec. 
_ (iii) The unit is extremely compact—at 40 Mc/s about twice the 
size of a matchbox. 


Against these advantages must be set the complexity of the 
electronic circuits required to produce the four switching wave- 
forms, (c). The requirements here are an extremely-low- 
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Fig. 8.—Modulation pattern. 
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(a) Radio-frequency envelope. 
(b) Audio-frequency output. 


impedance source—we are switching about 8 ohms—and exact 
similarity of the four waveforms except for the time displace- 
ment. By this means a modulated radio frequency of the form 
shown in Fig. 8(a) is fed into the receiver. Before proceeding 
further one or two points need clarification. 

For optimum power transfer the receiver should have an input 
impedance of half the cable impedance—25 ohms in a 50-ohm 
system. During the time that any one crystal is ‘on’, therefore, 
this impedance shunts the transmission line. Provided, however, 
that this impedance is the same for all four diodes (and this is 
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Fig. 9.—Phase-comparison circuit. 


n series with the 3 ohms odd of the diode), it may readily be 
thown that no distortion of the standing-wave pattern results, 
wut it should be clear that the lower the diode slope resistance, 
the more easily will this condition be met. A further point 
vorth noting is that, from the junction of the four diodes 
mwards, the system is quite independent of radio-frequency 
shase—the phase-sensitive role of the interferometer is 
ccomplished. — 

' The diode switch having converted the spare standing-wave 
vattern into a signal modulated in time, the original equation 
may be rewritten 


Va—Orsin (or — T)Lleos a — w,t) 


where w, is the angular switching frequency. This equation is 
imilar in form to that of a double-sideband suppressed-carrier 
ignal. To restore the original modulation, a square-law 
setector is therefore needed, giving a second detector output as 
n Fig. 8(d). 

' The phase of this audio output with respect to any of the 
wiginal diode-switching waveforms is simply 2«-+ (a constant), 
nd 2«, it will be remembered, is the r.f. phase difference between 
he signals in the two aerials. The simplest way of doing this 
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Fig. 10.—Aerial system. 


(a) Folded half-wave dipole. 
a Horizontal polar diagram. 
c) Layout. 
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phase comparison is to feed this audio output into two pairs of 
phase-sensitive amplifiers and rectifiers as in Fig. 9. The 
difference between output 1 and 3 is found to be simply 
A sin (20 + 45°), and between 2 and 4, Asin (2« — 45°). A 
continuous presentation of phase may then be obtained by 
applying these output direct currents to the coils of a phase 
meter. The angle indicated is then 


A sin (2a + 45°) 
A sin (2« — 45°) 


In the interferometer these functions were also recorded inde- 
pendently on a two-pen recorder. 

A word now about the aerials, which have been specially 
developed for this type of interferometer by W. T. Blackband. 
Each aerial consists of a ‘bent’ half-wave dipole (Fig. 10); this 
aerial has a horizontal polar diagram, as shown at (6), i.e. it is 
‘all-round looking’. The aerials were mounted A/4 above 
ground as shown at (c), giving a degree of vertical directivity. 

Features of this aerial are as follows: 


arc tan = 2a + (a constant) 


(i) The radiation resistance, which may be varied by adjustment 
of the angle, is about 50 ohms for 90°. 

(ii) The reactance can be made zero by alteration to the arm 
lengths and is approximately zero at A/4. 


These two adjustments are, to a first-order, independent. It 
will be remembered that correct matching to the interconnecting 
feeder is an essential part of the system. 

For the first satellite, four aerials were assembled in two pairs 
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Fig. 11.—Aerial system. 
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Fig. 12.—A typical recording. 


placed accurately at right angles, and spaced at 4A apart. For 
the second satellite this spacing was increased to 10A. The 
complete system is shown schematically in Fig. 11 as it was 
assembled for tracking the satellites. 

This scheme differs somewhat from the idealized one that I 
have been describing. Existing receivers with linear detectors 
had to be used, and only one four-pen recorder was immediately 
available—two pens for sine and cosine on one pair of aerials, 
the sine only on the other pair of aerials, and the fourth pen for 
the timing signal. Fig. 12 shows the type of recording obtained. 
The zeros are independent of the detector law, and the error 
introduced off zero can be calibrated out. The accuracy of the 
phase measurement is estimated at +3° of phase for the 50% 


| 
y 1 


error, corresponding to +3min of arc of elevation on the 
equatorial plane. The interval between zeros is considerably 
more accurate than this, as it depends only on equipment) 
stability during a transit. ' 

In all, over 50 transits of the two satellites were recorded; tel 
decoding of these records is the subject of a separate lecture. | 

In conclusion I should like to express my thanks to Dr. 
McPetrie and to Mr. W. A. Johnson, under whose guidance this} 
development has been carried out. The design, construction 
and testing of the apparatus is largely the work of Mr. D. F. 
Fance, assisted by Mr. H. D. Mayhew and more recently by 
Mr. C. R. N. Barnard, all of whom are members of the Rai 
Department, R.A.E. 


_ A. KITCHEN, B.Sc., Associate Member, E. R. BILLAM, 


) The provision of transmissions on a frequency of about 20 Mc/s 
om the Russian artificial earth satellites presented a unique 
»portunity for an investigation of ionospheric wave-propagation 
aenomena, using direction-finding techniques. The equipment 
ved was of the type described by Earp and Godfrey! in 1947, 
|. principle, its operation is equivalent to the rotation of a 
mple vertical dipole round the circumference of a circle of 
»out 7 wavelengths’ diameter at 20 Mc/s. This rotation imposes 
phase modulation on the signal, the phase of which is used to 
srive the bearing information. One form of bearing display 
yovided a permanent record of signal bearing, signal strength, 
me reference and calibration data. Elevation could be derived 
arectly from the total phase excursion across the array. 

[ The use of data of this type, in conjunction with simultaneous 
scordings of the Doppler frequency shift, is sufficient to establish 
stellite track information for local orbits. Plan range and slant 
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SOME DIRECTION-FINDING OBSERVATIONS ON THE 20 Mc/s SIGNAL 
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‘nge at the instant of closest approach can be derived from the e 
te of change of azimuth and of Doppler frequency, respectively, = 
ning a value for satellite velocity obtained from the overall * 
yoopler shift on an overhead transit. 270W 
Some samples of the basic data obtained are shown in the 
“companying illustrations. Fig. 13 refers to the evening over- 
vad transit on the 16th October. The bearing calibration is in 
eps of 10°, and the time markers are at 1 min intervals. It is a 
‘airly smooth transit, but some small irregularities will be noted. 
1g. 14 shows another evening transit on the 17th October. It 
n be seen from the signal amplitude record that, during the 
«al part of the transit, the fading rate changed from about i3 180 
| 6:5 per min. These fading rates can both be ascribed to 
winning of the satellite.2 Fading at the lower rate is closely 
srrelated with some of the corresponding bearing scintillations. 
/ We could obtain continuous data on the first satellite over 
/nges up to several thousand miles, as shown in Fig. 15 for the 2loz 2lo4 708 re ellie) 
nme transit on the 17th October. The signal was heard for a CLOCK TIME — CLOCK 28 SEC, SLOW ON G.M.T) 
mich longer time on the approach than on the recession. The 
irve at the top is the associated Doppler curve, which shows Fig. 13.—Bearing observations, evening overhead transit, 
iveral interesting variations. No systematic observations were 16th October, 1957. 
sade on the early morning transits of the first satellite, from 
\.W. to S.E., to see whether or not the asymmetry 
| the reception times of the signal with reference —— 
{ the transit point was due to the normal ionization i Sea 
istribution in the F-region. Having regard to the (eer ee 
ww power of the transmitter, which we estimated jeeeas 

be of the order of 1 watt, it is interesting to aa Sete 
weculate whether the long-distance transmissions pa ces 
ere received by one of the following mechanisms: =e 
- (@ Conventiona! multi-hop propagation between the is cae 
iearth’s surface and the ionosphere (recalling that, at uo oe 
|the relevant times, ionospheric absorption was negli- © = 
gible on the all-dark transmission path, and the earth a ee 
‘reflections were from the sea). 5 ————— 

(b) Propagation between the boundaries of the E- z aa 
‘and F-regions, acting in the form of a leaky wave- < Eas 
' gnide excited by the satellite transmitter itself. es 
}Smilar results were not obtained on the second pclae 
-telite, the transmissions from which were very pena eee if 
“xh weaker. However, the local transits occurred seat Per aCe ire au ae eke a 
redominantly in daylight over this country, when SIGNAL STRENGTH 


-tegion ionization densities were relatively high. 
hes, at times in the orbit when the satellite was 
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% ve the F-region, the 20-Mc/s transmission would 
» efracted upwards into space. It was unlikely 


Fig. 14.—Signal strength and bearing observations, evening overhead 
transit, 17th October, 1957. 
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SUMMARY OF LOCAL SATELLITE TRACK Data. Velocity, 7-8 km/sec 


Satellite 


NS _—. 
1400/ FIRST HEARD 


FREQUENCY, e/s 
a eS & 
ssses8s 


2043 2045 2047 2049 2051 


BEARING, DEG 


Nominal time 
(G.M.T.) 


2100 
2100 
2100 
0640 


. 
2053 2055 2057 2059 2101 2103 2105 2107 
TIME, G.M.T. ey 


1 
Table 5 u| 


Time of crossing 


Est ted track Height 
eee i | 51° 10.75’ N 


(true) (nautical miles) 
O42 meres 


043.5° + 1-5° 
044:5° + 1-5° 
045:5° £1:°5° 


2109h 43 
2105 h 25 
2101 h 38: 
0637 h 36 


143 este 
133 + 3 
Uncertain 
152s: 


An 
HEHEHE 


ta 


LAST HEARD N: 


2109 2111 


(@) 


aaa 


AA epi we 


TIME, GIM.T. 


®) 


Fig. 15.—Doppler frequency and long-distance bearing observations, evening overhead transit, 17th October, 1957. 
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that a waveguide mode would be excited under these condi- 
tions. Further, at times when it was below the maximum in 
the F-region, the transmissions would be absorbed in the lower 
ionosphere owing to the seasonal rise in ionization density. 
The fact that the 40-Mc/s signals on a conventional receiver 
were stronger from the second satellite than from the first 
supports this. 

An interesting feature of the simultaneous bearing and Doppler 
records is that the points of inflexion of the two, corresponding 
to the instant of closest approach, frequently differed by a few 
seconds. Initially, this was thought to be because the path of the 
orbit was not parallel to the surface of the earth. For some 
transits the apparent angle of climb of the first satellite as it 
went over us was of the order of 4°. 

The bearing, signal strength, and Doppler records show many 
interesting variations about the mean values. Fig. 16 is a record 
of the bearing transit of the second satellite, on the 7th November. 
A large ‘step’ will be noted at one point, just before 0648h. 
We have not yet had opportunity to study such effects in detail, 
but they are thought to be ionospheric in origin. 

Provisional deductions from some of our measurements are 
given in Table 5. These seem to agree reasonably well with those 
published recently by the Cavendish Laboratory,? the R.A.E2 
and others. However, we notice that on some of the more 
remote satellite transits—i.e. when the closest approach was a 
few hundred miles away—the effect of ionospheric refraction on 
the incident-wave paths appeared to reduce the slope of the 


16.-—Bearing observations, morning overhead transit of second bearing/time curve in the rapidly changing region, so that the 


satellite, 7th November, 1957. 


range which we deduced from these data was somewhat in error. 


the possibility arises that if we can have accurate information 
im the tracks from some other source to compare with our 
‘bservations we may be able to deduce some facts about the 
cture of the ionosphere. 

' The work described was carried out as a joint programme by 
ne staffs of the Admiralty Signal and Radar Establishment and 
‘tandard Telephones and Cables Ltd. 

' This note is published by permission of the Admiralty, 


INTRODUCTION 

At the Radio Research Station, Slough, measurements were 
jaken of the apparent bearing and elevation angle of the satellite 
»n a number of occasions on both transmission frequencies. 
The object of the experiments was not so much to help in fixing 
the position of the satellite as to obtain information about 
swnospheric propagation by studying the results retrospectively 
wm. the light of exact data about the track of the satellite. 

The first measurements at Slough were made on the evening of 
the Sth October; these were of the bearing on 20 Mc/s, and were 
~oatinued at intervals until the 16th October. On the 7th 
ctober, equipment for the measurement of elevation angle on 
>Mc/s was brought into use, but unfortunately very few 
wuccessful observations were made with it, largely because of 
difficulties with interfering stations. On the 8th October, 
measurements of bearing and elevation angle were begun on 
lhe frequency of 40 Mc/s at a site at Winkfield, 13km to the 
outh-west of Slough, and these too were continued at intervals 
p to the 16th October. 


EQUIPMENT 


Bearing on 20 Mc]s.—The bearing obser- 
vations on 20 Mc/s were taken on a stan- 

ard h.f. Adcock direction-finder. The 
seceiver used was the Admiralty type FHB, 
which has twin channels and a cathode-ray- 
cube display. The reading of bearings was 
carried out visually and timed by a chrono- 
meter. 

Angle of elevation on 20Mc/s.—The 
equipment used consisted of two horizontal 
loops spaced vertically and connected to 
the respective channels of a twin-channel 
receiver. The angle of elevation can be 
derived from a measurement of the ratio 
of the signals from the two aerials, as de- 
scribed by Wilkins and Minnis.! There are 
a number of ambiguities in the interpreta- 
tion of the results, but never more than 
four; it was found possible to resolve these 
without difficulty from a rough knowledge 
of the track. 

Bearing and angle of elevation on 
46 Mc/s.—Apparatus at Winkfield, which 
had been designed for directional measure- 
ments on long-distance v.h.f. transmissions 
f5m Gibraltar, was used at 40 Mc/s. This 
censisted of a pair of horizontal dipoles 
spaced horizontally 3A apart in the plane 
® rmal to the great-circle path from Gib- 
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OBSERVATIONS OF BEARING AND ANGLE OF ELEVATION OF SATELLITE I 
W. C. BAIN, M.A., B.Sc., Ph.D., and R. W. 


MEADOWS, B.Sc.(Eng.), Associate Member. 


raltar, which has a bearing of 194° from Winkfield. For the 
measurement of elevation angle, another dipole was used, 
placed at a point above one of the original dipoles. From 
the horizontally spaced pair, signals were taken through equip- 
ment which displayed on a cathode-ray tube the phase difference 
between them, and from the vertically spaced pair the relative 
amplitude ratio was displayed on another tube. 

The cathode-ray traces were photographed every 5 sec, together 
with a clock-face. The phase differences and amplitude ratios 
were read off subsequently and converted to bearing and ele- 
vation angle respectively. The principle of the elevation angle 
measurement was the same as that described for 20 Mc/s; further 
details are given in another paper.” 

As the dipoles were contained in a vertical plane normal to 
the bearing 194°, the pick-up and accuracy of the system were 
poor within say +10° of the bearings 284° and 104°. 


RESULTS 
On 20 Mc/s.—The value of the work carried out on 20 Mc/s is 
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Fig. 17.—Variation with time of the bearing on 20Mc/s, 15th October, 1957. 


The height of the satellite and the distance of its nearest point of approach are also shown. 
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Fig. 18.—Variation of bearing and elevation with time on 40 Mc/s, 


16th October, 1957. 


considerably reduced by the scarcity of data on angle of elevation, 
which is probably of more importance than the bearing in the 
study of ionospheric phenomena. Accurate tracking information 
is not yet available here for interpreting the successful elevation 
runs which were obtained on the 8th October, and it cannot 
therefore be said whether appreciable refraction effects have 
occurred; it appears, however, from the data that they could not 
have been large. 

Some interesting bearing data were obtained, particularly 
during the daytime on the 7th October. On one of these runs, 
for instance, the bearing was observed to change from 20° to 
350° from 1125 to 1145U.T., corresponding to reception of 
signals when the satellite was on the far side of the north pole. 

The kind of comparison which is possible when the position 
of the satellite is known is illustrated in Fig. 17. The known 
curve of azimuth with time is derived from information published 
by the Royal Aircraft Establishment? and Cambridge Uni- 
versity,* and bearings taken with the Adcock direction-finder 
are shown along with it. There are significant deviations from 
the curve at both ends, but these may be due in part to errors 
associated with the Adcock rather than to propagational effects. 
Incidentally, the possibility of using the satellite to help to 
determine errors in direction-finding apparatus should not be 
overlooked. 

The length of time during which the signals were received is 
interesting. The accompanying curve for the height of the 
satellite in Fig. 17 shows that it corresponds roughly with the 
time for which the satellite was below the F2-layer maximum. 
The diagram also shows the distance of the satellite round the 
earth from the nearest point of approach to Slough; this distance 
is large at the beginning of the run, and reception over even 
greater distances has been obtained both at Slough and else- 
where. In considering these results it should be borne in mind 
that the geometrical horizon distance for a height of 300km is 
only about 2000km. 

On 40 Mc/s.—In Fig. 18 are shown plots of experimental 


) 


| 
points giving the variation of bearing and elevation)» 
angle with time for a night-time transit on the 16tl 
October. The solid lines represent the results o é 
calculations based on the R.A.E. information already|~ 
60 referred to. The agreement is surprisingly good, ai 
the equipment was not designed for such largi) 
changes in elevation angle and bearing; for instance 


ag bearings in the region of 284° were end-on to the 
horizontal dipoles, which then responded only to the « 
40 vertically polarized field component. This affectec!y 


the accuracy of the elevation-measuring system, anc) 
since 284° was in the vicinity of the bearing corre} 
sponding to maximum elevation, the group of points 
at the top of the elevation/time curve in Fig. 18 is 
suspect. 

The period during which the satellite was expected 
to be above the optical horizon for a given transit 
Us) was calculated from the measured total change ol 
apparent bearing for each transit, and compared with) 
the period of time actually observed; heights of 
230km for the night and 460km for the morning 
transits were assumed. 
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In most cases the period) 
observed was greater than that calculated, showing) 
that diffraction around the surface of the earth, or 
refraction in the medium, was taking place. During 
the night-time runs the greatest differences occurred 
with the transits of lower altitude (i.e. lower maxi-~ 
mum value of elevation angle) as might be expected, i 
since the satellite was not then crossing the horizon: 
as fast as it would do for overhead passages; in 
fact, for transits which were nearly overhead the observed) 
period was always within half a minute of that calculated from 
the observed change in bearing, and for transits of low elevation’ 
the observed period of observation was as much as twice that!) 
calculated, a difference of some 3min. These effects are probably : 
due to diffraction and/or atmospheric refraction, since the) 
satellite was substantially below the height of maximum ioniza-) 
tion density of the ionosphere, the critical frequency of which* 
being hardly high enough for oblique reflections to have occurred. , 

With the morning runs the same general picture was observed, b 
except that the only near-overhead transit was received for a) 
considerably longer time than that to be expected from the! 
change in bearing. This may be due to ionospheric refraction, ¢ 
since the satellite was well above the height of maximum | 
ionization density of the ionosphere during this period. 
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CONCLUSIONS 


Measurements of bearing and elevation made at 20 and 40 Mc/s 
on Satellite I have been described briefly. Agreement between | 
the results obtained and those calculated from orbital data was | 
reasonable; discrepancies are, however, significant in some cases p 
and their explanation must await further consideration of the 
accuracy of the radiolocation techniques used by the various | 
research teams. Some effects attributable to the ionosphere 
and to diffraction have been observed; in particular, at 20 Me/s, 
continuous bearings were obtained on the satellite when it 
traversed the north auroral region well below the line of sight, | 
and on another occasion signals were received only when it was | 
below the height of the F2-layer maximum. At 40 Mc/s, the 
satellite was usually received before it rose above the horizon ~ 
and after it fell below, an effect which has been attributed to | 
diffraction or atmospheric refraction for the night-time runs and 
possibly, in addition, to ionospheric refraction during the day. 
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| The radio interferometer established at Lasham has been 
sescribed by Mr. Beresford. It was a crossed interferometer 
“gperating on the 40 Mc/s transmission from the satellite, employ- 
“ng pairs of aerials spaced about four wavelengths apart. The 
yerials were sited parallel and normal to a runway which provided 

ready-surveyed direction of 335°. The description of the 
auipment and data refers to the tracking of the first earth 
stellite; the arrangement has since been modified. 

The data are produced on a roll of paper driven at 6in/min 
srough a 4-pen recorder. One channel displays | sec timing 
lasses related to Greenwich Mean Time with an accuracy of 
niiliseconds, so that the time at any point on the record may be 
yead to within 0-1sec. The remaining three traces give the sine 
\@ cosine of the phase difference of the radio signals at a pair of 

erials, 

_ The received signal fluctuates in strength, so that the tracking 
“nformation which was used lies in the successive times of zeros 
fa the traces. Path difference may be defined as the difference 
4 path lengths from the transmitter in the satellite to two spaced 
‘erials on the ground. Successive zeros on the trace correspond 
5 increments of half a wavelength in the path difference. Fora 
‘yistant transmitter such as the satellite, the ratio of the path 
ifference to the aerial spacing equals the direction cosine of the 
ingle which the sight line from the mid-point of the aerials to 
ne satellite makes with the axis joining the two spaced aerials. 
orresponding to the radio frequency of 40 Mc/s, the wavelength 
| 24-6ft: each pair of aerials are spaced 100ft apart. Thus 
ncrements of 0-123 can be detected on the N.S. direction cosine 
md of 0:0615 on the E.W. direction cosine, since both sine 
md cosine displays are available on the E.W. aerials, which 
termits interleaving. 

The relationship of electrical to physical length of the cables 
‘s sufficiently uncertain to leave the precise bearing at any parti- 
lular zero on the trace undetermined to a few degrees of angle. 
hus the records permit plotting of two direction cosines against 
‘me apart from an uncertain additive constant (see Fig. 19). 
(he double sine-cosine display on the E.W. channel shows any 
eversal in the sense of change: this saves replotting entailed by 
ne discovery of a turning-point at a subsequent stage of the 
malysis. 

‘( Graphical plotting of the data is rather slow but provides a 
‘uick method of smoothing and interpolating. Without this, 
‘imultaneous values of both direction cosines are not known. 
Vhe data have been excellent and required very little smoothing. 
rebably a more sophisticated method than graphical plotting 
ia extract more accuracy from the data. 

’ @he method of data reduction was devised to meet two 
guirements: 

(a) To use as much of the data as possible rather than perhaps a 


{ Pair of arbitrarily chosen points. xe ; 
(6) To overcome uncertainty of lobe ambiguity and ignorance of 


t \ ie directional zeroes. 
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| USTIMATING THE HEIGHT OF THE FIRST SATELLITE FROM RADIO INTERFEROMETER RECORDS 
G. B. LONGDEN, M.A. 
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Fig. 19.—Plot of direction cosines from interferometer. 


Transit SR 31: 2054-2 100, 18.10.57. 
Satellite track passed 200 n.m. S.E. 


In the neighbourhood of the interferometer over perhaps 
400 miles of track (100sec) the orbit of the satellite is approxi- 
mated by a constant speed v along a horizontal straight line at 
height 4. The vector from the interferometer to the satellite 
may be denoted by 


r= rh, h, 1;) 


where r is the distance and /,, J, /; are the direction cosines made 
with the E. axis, N. axis and vertical at the interferometer. The 
interferometer axes were surveyed to be perpendicular. By 
definition of the height h, 


tig — Tt 


The projection of the vector r on the E.W. axis is r/; and so 
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the component of the satellite velocity parallel to that axis is 


d d fl, 

“ (rh) = he a 
which is taken to be constant. Thus a graph of /,//; against time 
should yield a straight line. 


The plots of interferometer data provide /, and J, as functions 
of time, provided any bending of the radio path is ignored. The 
third direction cosine, /,, may be calculated from the normalizing 
relation 

24+13+13=1 


The method of analysis is to interpolate values of /; and J, 
from the graphs at intervals of say 25sec and to compute the 
corresponding values of /;. Then two more graphs are drawn 
of 1/1, and L/1, as functions of time: these should be straight 
lines over a period of roughly 100 sec (see Fig. 20). The gradient 
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Fig. 20.—Ratio of direction cosines. 


Pegasus computed values: transit at 0530, 13,10.57. 
Satellite track passed 55 n.m. 


of the line /,//; is the E.W. component of the satellite velocity 
divided by the height: similarly for the N.S. component. Since 
the satellite speed is a known function of height for any assumed 
orbit, the height of the assumed straight-line fit can be found. 

Trial values for the zero levels of the two direction cosines are 
guessed from whatever data are available. One semi-analytical 
method is to assume the bearing of the satellite track and trans- 
form the two direction cosines /,, /, into other direction cosines 
relative to axes normal and parallel to the track. These should 
be symmetrical and anti-symmetrical functions. The asymptotes 
of the one curve and the middle of the other curve can be esti- 
mated, from which the zero levels on the original plots of J; and 1, 
can be deduced. 

Errors in the assumed values of the zero levels of each direction 
cosine cause the plots of /,//; and 1/1, to deviate from straight 
lines. While errors in either zero affect both curves, the greatest 
effect is on the ratio of the corresponding direction cosine. It 


Dit 


has been found that an upwards concavity in the plot of directioi|~ 
cosine ratio can be straightened by reducing the correspondir | 
direction cosine. With some experience, a fit of 10% accurac > 
can be attained quickly. . 
Three calibration runs with an aircraft were carried out on th|y 
15th October. Although the position of the aircraft was mc” 
determined sufficiently accurately to calibrate the zero levels it 
the direction cosines, the method of data reduction was teste ” 
for accuracy. The aircraft flew straight and level at a speed ¢\s 
180 knots and a height of 15 Kft, roughly simulating the ae 
velocities encountered in tracking the satellite. The groun)> 
speed was computed from fixes over a period of 10min to a) 
accuracy of 4%: the height was probably correct to 1%. Th 
estimates of v/h for the three runs lay within 2% of the nominé|’ 
values. | 
Together with estimates of the height, the data analysi): 
provides estimates of the track bearing and the passing distance © 
ie. the horizontal distance to the point below the neares” 
approach. Since successive values are closely connected throug. 0 
the orbital relations, a check on accuracy may be maintained b 
comparing successive estimates. The bearing of the track i 
mainly a function of the maximum latitude reached by th 
satellite over its complete orbit. This may be estimated fron 
other data which suggested bearings of 140° in the morning an 
040° in the evening. The discrepancy between these bearing! 
and the calculated bearings is a good guide to the accuracy 


fitting. 

The bearing of the satellite is determined by the ratio of RY 
direction cosines, ///,. Thus the time of crossing the latitudi’ 
of Lasham may be calculated. This appears preferable to thi) 
more usual meridianal crossing, since the satellite performs a1 
integral number of complete orbits between transits. 

From the near constancy of the orbit time, it was dedu 
that the lengths of the axes of the ellipse were changing slowly) 
As explained elsewhere, the maximum latitude of about 64) 
meant that the orbit rotated very slowly in the orbital plane 
Thus the heights at transit were substantially constant. Withir’ 
the accuracy of 10% fitting, any trend of the observed heights 
over the fortnight is hardly significant. The results can be 
regarded as successive estimates of the constant height and bearing 
at transit, two values relating to the morning and evening crossin; 
when Lasham passed under different points on the orbit. From 
the observed orbital period and heights, it was deduced that the! 
satellite speed relative to the earth was 4-06n.m./s in the morning 


Table 6 


SATELLITE I j 
MORNING AND EVENING TRANSITS, 10-24TH OcroseER, 1957 | 


Time of 

Track transit, 
bearing latitude 
(degrees) $1:220NG 
(h.m.s.) 


Nominal 
time 
(hours) 


Height 


(nautical 
miles) 


Passing distance 
(nautical miles) 


Morning Transits At 
05.32.15 


05.30.16 
05.28.30 


Evening Transits 


136 80 
138 123'S-E. 
133 SVAN EY 


21.11.20 
21.08.43 
21.05.25 


124 51N.W. | 
18.41.30 | 


8) 3358.E. 
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Fig. 21.—Digital computer results compared with interferometer 
observations. 


Transit at 0530, 13.10.57. 
Height, 250n.m, 
Maximum latitude, 63.7°. 
Passing distance, 57n.m. 
x Computer. 
© Interferometer. 


and 4:18n.m./s in the evening. These speeds have been used in 
calculating the heights and hence the passing distances. The 
results are shown in Table 6. 

For morning transits the height estimate was 250n.m. with a 
root mean square scatter of 13n.m. over four results. For 
evening transits, the height estimate was 131n.m. with a root 
mean square scatter of 6n.m. over five results. 

The plots of the ratios of direction cosines depart from straight 
lines even for the best fits. Am accurate calculation on the 
Pegasus computer based on a circular orbit over a rotating earth 
showed that the ratios lie on S-shaped curves (see Fig. 20). 
Provided attention is confined to near transits, and within about 
50sec either side of the nearest approach, a straight line is a 
reasonable approximation to the true curve around the point of 
inflexion. Several comparatively near transits within 200 miles 
have failed to yield any reasonable fit. The explanation may lie 
in undue bending of the radio path from the satellite to the 
ground. At longer ranges, occasional fits have been obtained, 
but the estimates of height are too great. 

An attempt to extract greater accuracy from the data was 
made by programming a Pegasus computer to calculate direction 
cosines for an assumed set of parameters. The calculation was 
based on approximating the orbit by a circular arc, with earth 
rotation included. The trial values of the parameters were 
improved by visual curve-fitting and interpolation. A typical 
result of the fitting is shown in Fig. 21. 


GENERAL DISCUSSION AT SESSION I 


Mr. D. E. Hampton: From work at 20 and 40 Mc/s on Doppler 
¢henomena it is possible to get some idea of ionospheric effects. 
or example, by saying that 40 Mc/s gives the right answer and 
iat the answer at 20 Mc/s is influenced by the ionosphere, the 
ror at 20 Mc/s may be determined. By assuming the behaviour 
ff the ionosphere with frequency, the error at 40 Mc/s may be 

duced. I have investigated the effect on interferometer and 

her h.f. equipment, and it seems that refraction is quite important 
wen at 40 Mc/s. The conclusion to which I came was that the 
osine of the angle of inclination of the ray was increased from 
ie line of sight, a straight line joining the satellite to the receiving 
tation, by about 5%. On overhead transits this is probably not 
tery important, or at any rate on those which are immediately 
‘verhead; but if the transits are further away the height cal- 
julations can be in serious error. I shall be interested to know 
“ anyone has done 20 Mc/s and 40 Mc/s interferometer measure- 
rents for the same transit. 
| Mr. E. G. C. Burt: It may be worth mentioning that we at the 
ALE. have also done some orbital calculations, and by and 
arge they agree quite well with those which Dr. Shakeshaft has 
sescribed. There are four main effects of the earth’s oblateness. 
rhe first is that the recession of the nodes is 10(R/7)?*> cos « 
segrees per day. This is a theoretical value assuming an oblate 
varth, 7 being the harmonic mean distance of the orbit from the 
ventre of the earth, R the earth’s equatorial radius and « the 
‘nclination of the orbit to the equatorial plane. We have found 
very good agreement between the theoretical and experimental 
"a'aes, both giving a recession of about 3-18° per day. 

‘Another effect is a rotation of the major axis of the ellipse 
m the orbital plane of 5(R/7)?*(5cos*« — 1) degrees per 
fe’. The interesting point here is that if the inclination is 
re cos (1/4/5) = 63-4° there is no rotation of the ellipse in its 
erital plane. This is very convenient, because day after day 
»¥ 2 can measure the same height and so get a better estimate of 
* For both satellites we found an inclination « of slightly less 
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than 65°, so that there is only a very slow rotation of the major 
axis. 

There are slight perturbations of the ellipse. The satellite 
oscillates twice about the mean elliptical path with an amplitude 
of 0-94(R/7) sin? « nautical miles. This is a very small oscillation, 
amounting to about a mile or so for Satellites I and IJ, and so 
far we have not been able to check that it is indeed there. There 
is an even smaller oscillation, three times per revolution, of a 
few feet. 

Finally, the time for an inclined orbit such as this is greater 
by about 14:5(R/7)!/2 sin? « than for an equatorial orbit. 

These theoretical results are taken from an unpublished 
Ministry of Supply report by D. G. King-Hele and D. M. C. 
Gilmore. 

Mr. G. Millington: Mr. Kitchen mentioned the possibility of 
radiation from a satellite travelling in a leaky waveguide in the 
ionosphere. This suggests the use of satellites to throw light on 
the mechanism of the round-the-world echoes with which we 
are familiar in high-frequency communication. 

One of their features is that each successive echo is attenuated 
by only a few decibels on the previous one, although the first 
one is usually very weak compared with the direct signal by 
normal F-layer reflection. They are also remarkable for their 
low dispersion. I have come to the conclusion that the mechan- 
ism must be that of a waveguide whereby some of the energy 
incident from below is trapped in the ionosphere and can travel 
round the twilight zone where the attenuation is everywhere low 
and there is a slight leakage. 

When we have further satellites we must try to find out more 
about this type of propagation, for we have at last a means of 
placing a transmitter inside the ionospheric duct where this 
leaky mode can be excited. It is, however, only occasionally 
that a satellite will be in a twilight zone passing through a given 
point of reception and at a time when the propagation conditions 
are favourable. 
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It is interesting to note that two signals going in opposite 
directions round the world will have different Doppler shifts if 
the satellite has a component of velocity along their great-circle 
track. A colleague of mine claims to have observed round-the- 
world echoes showing this effect. I wonder whether anyone 
here has any evidence in support of this phenomenon. 

Mr. F. A. Kitchen: I am glad that Mr. Millington took up the 
point about an ionospheric waveguide propagation mode. I 
had expected to be challenged on my remark, but he has spoken 
in support of it. We did have some evidence of round-the- 
world transmissions. On one occasion we observed a sudden 
transition on our bearing record, in which the signals came up 
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PRECISE FREQUENCY MEASUREMENTS ON FIRST RUSSIAN SATELLITE 
H. STANESBY, Member. 


It is easy to show that, if in free space an object emitting 
electromagnetic waves of frequency fo, is travelling directly 
towards or away from an observer with a velocity, v, much less 
than that of light, Doppler effect changes the apparent frequency 
by an amount Af ~ fov/c, where c is the velocity of light. For 
a velocity of, say, 10km/s, the change in frequency is approxi- 
mately 33 parts in 10°. For many years astronomers have been 
measuring velocities of approach or recession in this way, by 
observing the shift of characteristic lines in the spectrum. 

For an object travelling in a straight line past a stationary 
observer the frequency traces a skew-symmetrical curve of the 
form shown in Fig. 22, where the two asymptotes are spaced 
apart, on either side of the centre frequency, by 2fug/c, i.e. by an 
amount proportional to the source velocity; and, referring to 
the diagram, the slope at the centre is inversely proportional to 
the distance, dp, at the point of nearest approach. The time, fo, 
at the centre is, of course, the time of nearest approach. Nowa- 
days, frequency can readily be measured with an accuracy of 
1 part in 108 or better, and modern techniques allow measure- 
ments to be made over short intervals which can themselves be 
fixed very accurately relative to G.M.T. In this brief paper it 
is proposed to describe the results obtained by applying these 
techniques to observations made on the first Russian satellite. 

A satellite does not, of course, travel in a straight line. Its 
orbit is elliptical, its signals do not reach the earth through free 
space but through an ionized atmosphere, and an observer on 
the earth is not stationary relative to the orbit but is himself 
carried in a curved path owing to the rotation of the earth. 
However, my object is not to analyse the results in the light of 
these factors, but merely to describe briefly how the observations 
were made, and to present typical results so that others may 
study them. 

Precise frequency measurements have been made on the 
satellite on 20 and 40 Mc/s, sometimes on one frequency only, 
sometimes on both simultaneously. Fig. 23(a) illustrates the 
equipment used for the 20 Mc/s measurements. The output of 
the receiver represents the difference between the incoming 
frequency and 20Mc/s and is measured by counting cycles for 
precisely 1 sec in every 10sec on a decimal counter. Originally 
this frequency was measured to +5c/s and the intervals were 
related to G.M.T. with an accuracy of +1sec. However, from 
noon on the 16th October these figures were improved to +1 c/s 
and +10millisec or better. 

Fig. 23(b) shows the arrangement used for the 40Mc/s 
measurements. The output from a frequency-synthesizer with 
an accuracy of 1 c/s is preset to a value 1 kc/s removed from that 


i 
on the trace 180° different from those which we had previous]|) 
received, so that it looked as though there was a transitio |’ 
between signals going in opposite directions. On one furthe 
occasion, the afternoon of the third day of transmissions fror’ 
the second satellite, we held the signal continuously on 40 Me; i 
using a conventional receiver, for a number of successive orbits! 
When the satellite went fairly nearly overhead we heard thi! 
Doppler shift, which seemed to identify the source as the satellit 
and show that it was not some spurious signal. This went 0 
for two or three orbits, until we ran out of recorder tape. Thi 
added emphasis to the possibility of some sort of waveguid 
propagation mode, in view of the very low power of the transmitte1 
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Fig. 22.—Characteristics of a Doppler curve. 


which the signal, in tracing the Doppler curve, is expected to 
assume a few seconds later, and the time when the beat note 
between the two is in synchronism with a standard 1 ke/s tone 
is noted from observations on a cathode-ray oscilloscope. 
Measurements were made at about 6sec intervals related te 
G.M.T. with an accuracy of better than 1 sec. 

It is, of course, to be expected that, for orbit determination. 
results on 40 Mc/s would be more reliable than those on 20 Me/s 
because ionization will have less effect on propagation at the 
higher frequency. This is borne out in practice. Fig. 24 is 
typical of the smooth and regular curves obtained on 40 Me: 
even for a minimum distance as large as 1 700km, although, o 
course, the asymptotes are not at all clear. 

Fig. 25 shows the results obtained on 20 and 40 Mc/s simul 
taneously for a minimum distance of approximately 520km 
It is interesting to observe that the difference in the apparen 
times of nearest approach, to(20) — t9(40), is about 0-12 min 
and that the right-hand part of the 40 Mc/s curve shows a sligh 
tendency to rise again. 
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Fig. 23.—Equipment for measuring frequency of satellite transmissions. 
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Fig. 25.—20 and 40 Mc/s Doppler curves taken simultaneously. 
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Fig. 26.—20 and 40 Mc/s Doppler curves showing small time 
displacement often obtained. 
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Fig. 27.—A group of 40 Mc/s curves obtained at the same time on 
successive days. 


This tendency for the frequency to rise after the main part of 
the curve has been traced is exhibited more prominently in the 
20 Mc/s curve of Fig. 26, which corresponds to a minimum 
distance of about 860km. Here f9(20)-1)(40) is 0-02 min, 
which is more characteristic of the differences in the apparent 
times of nearest approach usually obtained. 

Fig. 27 shows a group of three 40 Mc/s curves obtained on 
successive days at times which happened to be very nearly the 
same. The minimum distances are of the order of 530km. 
Such groups of curves may be of special value for orbit deter- 
mination because aberrations due to propagation effects should 
have been similar for the three sets of observations. 
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Fig. 28.—Two 20 Mc/s curves obtained at the same time on different 
days, showing subsequent frequency rise. 
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Fig. 29.—Normal Doppler curve preceded by ghost curve. 


Fig. 28 shows the later portions of two 20 Mc/s curves obtainec 
on the 19th and 22nd October and corresponding to minimum 
distances of about 500 and 750km respectively. Both exhiOh 
the rising-frequency tendency which complicates the accuraté 
determination of the asymptotes and hence makes it difficult tc 
determine the velocity precisely from a single set of observations 
It is to be expected that, by studying the geometry involved, ont 
might explain why the frequency rises slightly after the mai 
part of the curve has been traced. 

All the preceding material relates to measurements made a 
the Radio Station at Banbury. However, the last Dopple 
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urve, Shown in Fig. 29, was obtained at our Baldock station,* 
n20M¢e/s. It is particularly interesting because the main curve 
; preceded by the first part of a steeper, ghost, curve which 
ccurred about 44min earlier. This corresponds to a difference 
1 satellite position of about 2000km. I can only assume that 
ere was then a patch of ionization near a point in the orbit 
bout 2000 km before the point of nearest approach to the radio 
tation, and that signals incident on this ionization were for a 
thile reflected along a path towards the station and traced a 
urve resembling that which would have been obtained by an 
bserver in the ionization itself. our-and-a-half minutes later 
ne directly propagated signals were received at the station and 
-aced the normal curve. 

Fig. 30 shows the long-term frequency variation of the 40 Mc/s 
atellite transmitter. There are a number of factors that may 
ave affected its frequency: the long-term natural ageing of the 
eansmitter oscillator, the periodic changes in temperature of 
ne oscillator due to the satellite’s passing from daylight to dark- 
ess and back again in transversing its orbit, the possibility of 
nock due to meteor impact, the effect of the batteries running 
‘own, and finally—an interesting possibility—the effect of 
‘enetrating radiation on a quartz crystal, which experiments show 
iradually reduces the frequency, and by an amount that can be 
3 much as 200 parts in 10°. 
| it is interesting to observe that the points obtained for transits 
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Fig. 30.—Long-term frequency variation of 40 Mc/s satellite 
transmissions. 


following solar irradiation of the satellite and the points obtained 
after periods of darkness fall on different curves. 

The author has pleasure in thanking the staffs of the Post 
Office Radio Stations at Baldock and Banbury for making the 
observations upon which this paper is based, and the Engineer- 
in-Chief of the Post Office for permission to make use of the 
information contained in the paper. 


ANALYSIS OF DOPPLER DATA FROM EARTH SATELLITES 
D. E. HAMPTON, B.Sc. 


| The analysis of Doppler results falls under two headings. The 
‘rst and more important is the use of the data to obtain estimates 
if the height and speed of the satellite. The second is the investi- 
ation of the effects of propagation through ionized regions. It 
i impossible to make a complete division between these two 
/sproaches, since accurate estimates of the parameters for orbit 
etermination must involve some corrections for ionospheric 
ects. However, in some cases a comparison of the results of 
-oppler measurements on 20 and 40Mc/s shows that quite 
irious ionospheric disturbances are taking place, and it is these 
‘cords which are more useful for propagation studies than for 
acking. The best records for tracking purposes are those 
\ken when the transit is nearly overhead and the times of zero 
‘oppler on the 20 and 40 Mc/s records agree to within a second 
*so. It is with the analysis of these records to obtain good esti- 
tates of relative speed and the minimum distance of the satellite 
om the receiving station that this paper is primarily concerned. 
y combining similar estimates on the same transit from a 
amber of receiving stations located in this country the height 
id speed of the satellite may be estimated. 

Doppler Analysis.—Fig. 31 shows a typical Doppler record. 
1€ position of zero Doppler has been found by symmetry con- 
ferations and the frequency and time have been plotted as 
viations from this zero. To simplify the explanation of this 
ve, let ionospheric effects be neglected for the present. 

The slope of the curve at the origin is determined by the 
lative speed and closest approach of the satellite: the closer or 
Stet the satellite the steeper the slope. The frequencies deter- 
ined by the asymptotes of the curve are related only to the 
ile*ive speed, so that by combination with the slope measure- 
©nt an estimate may be made of the shortest distance from the 
»2¢ yer to the satellite path. Direct measurement of slope and 
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cdeck 52° 00’ N., 00° 08’ W. 
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Fig. 31.—Typical Doppler curve. 


asymptotes is not very accurate, and the method preferred is 
that shown in Fig. 32. 

Here 7?/A2f? is plotted against 17, where A is the free-space 
wavelength of the radio frequency. The results give an excellent 
fit to a straight line. It can easily be shown that the intercept is 


‘directly related to the slope in Fig. 31 and is equal /?/v*, while 


the slope of this line is related to the asymptote of Fig. 31 and 
is equal to 1/v*, where, neglecting ionospheric effects / is the 
distance of closest approach and v is the relative speed of the 
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Fig. 32.—Method of data reduction. 


satellite. The fit of the straight line is usually so good that there 
is complete justification in writing 


VPN apn 


When ionospheric effects are neglected this equation may be 
shown to agree in form with that obtained from an analysis of 
the geometry of a satellite on a circular orbit round a rotating 
spherical earth. However, this does not justify the assumption 
that ionospheric effects are negligible. 

If the electrical path length /, in a dispersive medium is defined 
as equal to that length of path in free space which would give 
the same total phase change along it, the rate of change of /, 
is directly related to the Doppler frequency: 


dl, v*t 
poe (22 + v272)12 


Integration of this equation yields 
L=( + vl 


The integration constant is put equal to zero since an analysis 
of the problem gives a result similar in form to that above. 
Hence, from a set of Doppler measurements, it is possible to 
obtain the electrical path length from the satellite to the receiver. 

Ionospheric Corrections—When 20 and 40 Mc/s measurements 
are made on the same transit a comparison may be made of the 
estimates of / and v on both frequencies. Table 7 gives results 
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Table 7 


COMPARISON OF RESULTS ON 20 AND 40 Mc/s 


20 Mc/s 40 Mc/s Corrected result 
Date of 


transit 


transit 1] ] Ip 


nautical 
miles 


140 
234 


nautical nautical 
miles miles 


170 : 148 
274 : 242 


n.m./s |i, 


4-08 


10.10.57 : 
3°85 |) 


19.10.57 


increase with decreasing frequency. Since 40 ee is less subjec - 
to ionospheric effects than 20Mc/s, the values of / from the 
40 Mc/s results are the better estimates of distance of closes. 
approach; however, they are still in error. 

When the times of zero Doppler coincide on both these fre! 
quencies it seems reasonable to assume a horizontally stratifiec) 
region between receiver and transmitter, so that from an analysiv| 
of propagation through such a region it is possible to show how) 
this error behaves with frequency. 

By comparing the 20 and 40 Mc/s results an estimate of thi 
error may be made so that a better estimate of closest approack 
may be obtained. These corrected estimates are shown in the 
final column and are probably accurate to within a mile. 

The deviations of electrical length /, from true slant range, 
arise from two principal sources: variation in phase velocity) 
along the path, and curvature of the path due to refraction’ 
When the refractive index in the medium is less than unity the 
wavelength is greater than the free-space wavelength, so that the 
effect is to reduce the overall phase change along the path, Le 
to reduce the electrical length. The effect of curvature of the 
path, on the other hand, is quite the reverse, giving an increase 
in the electrical path length. These results show that it is the’ 
effect of refraction which predominates, and this suggests that 
the angle of arrival of the ray at the receiver is appreciably} 
different from that obtained by assuming that the ray travels) 
along a straight path. To obtain precise orbit data from inter- 
ferometer measurements there would also need to be some 
ionospheric correction, even at 40 Mc/s. 

Conclusions.—Doppler measurements on both 20 and 40 Me/s| 
need to be made simultaneously to obtain accurate trackin' 
information. a 

The electrical path length may be obtained from Dopplei 
measurements. 

If the ionosphere is reasonably well behaved, which can be! 
determined from the 20 and 40 Mc/s results, a correction for 
the minimum slant range for the satellite may be obtained te! 
provide accurate information for height calculations. | 

Acknowledgment.—Acknowledgment is made to the Chief 
Scientist, Ministry of Supply, for permission to publish the paper. 
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RADIO OBSERVATIONS ON THE SIGNAL CHARACTERISTICS OF SATELLITE I 
P. J. BRICE and P. N. PARKER, Associate Members. 


The paper gives a brief outline, together with some comments, 
n field-strength observations made at the Post Office Measuring 
‘ation at Banbury, on the first Russian satellite. 

A large number of observations have been taken in the form 
* field-strength recordings, sometimes on 40 Mc/s alone, some- 
mes on the 20 and 40Mc/s transmissions simultaneously. 
hese recordings make it possible to study the fading pattern 
some detail, and those reproduced here, which were taken on 
aikeyed transmissions, have been chosen with two points in 
dnd: 

; @ SS show fading phenomena which appear to be of special 
interest. 

(6) To correspond in some cases with simultaneous Doppler 
observations presented by Mr. Stanesby (see page 96). The 
‘apparent times and distances quoted here are those derived from 
these simultaneous Doppler observations. 


The most favourable transits for observations in this country 

scurred between 2100 and 0700G.M.T., i.e. during night-time. 
this period, ionospheric absorption on 20 and 40 Mc/s is 

yrmally very small and probably undetectable. 

Measuring Equipment Used.—Fig. 33 is a block schematic of 

2 Aeld-strength recording equipment used. Vertical half-wave 
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‘ig. 33.—Block schematics of field-strength recording equipment. 


| (a) 40 Mc/s. 
(b) 20 Me/s.' 


voles were employed on both frequencies, and the a.g.c. 
cuits of the two receivers were connected to a twin-pen 
order. A third pen was used to record 10-sec markers on 
“ same chart. The receiver sensitivity on 40 Mc/s was 1V 
4d on 20 Mc/s was —25dB relative to 1 pV. 

‘The records shown here have been calibrated in terms of the 
‘put from the aerials into the measuring equipment, and to 
tive the equivalent field strengths it is necessary to consider 
aerial characteristics. Fig. 34 gives the computed vertical- 
«ne polar diagram of the aerials. 

t will be seen that these aerials have a poor response for 
y tow and very-high arrival angles, and some evidence of 
% will be seen in some of the records. 

Tight of Satellite During Observations.—Fig. 35 indicates the 
wht of the first satellite relative to the F-layer of the ionosphere 
| the period under consideration. Data supplied by the 
3. R. indicate that the minimum virtual height, i.e. the height 
Wl ich F-layer echoes from vertical soundings are first recorded, 
« indicated by the dotted curve. The full curve indicates 
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Fig. 34.—Computed vertical-plane polar diagrams of vertical 
dipoles. 
o = 10-13 e.m.u. 


(a) f, 20Me/s; h, 55 ft. 
(b) f, 40 Mc/s; h, 37 ft. 
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Fig. 35.—Height of satellite relative to F-layer of ionosphere, 
October, 1957. 


— Height of maximum ionization. 
—--- Minimum virtual height. 
S. Satellite position. 


the height of maximum ionization density. It will probably be 
helpful to remember that in the evening the satellite was at the 
lower height and following a SW.-NE. path, while in the 
morning it was at the greater height and following a NW.-SE. 
path. 

Typical Field Strength Records.—The next eight illustrations 
are typical field-strength records obtained between 2100 and 
0530G.M.T., mostly on the 40 Mc/s transmissions. 

Fig. 36 shows a 40 Mc/s field-strength record during an evening 
transit on the 10th October, when the satellite was travelling in a 
SW.-NE. direction at a height of about 220km; this, of course, 
is not necessarily the distance of the nearest approach to Banbury. 
It can be seen that the form of the field-strength record is 
reasonably symmetrical about the time of nearest approach, 
some of the broad dips in the pattern corresponding roughly to 
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the nulls in the receiving-aerial polar diagram. After the time 
of nearest approach the recording shows a fading pattern with 
periods of about 4-5 and 9sec. Such a pattern is also present, 
but to a less marked degree, on the earlier part of the record, 
but it is lost completely for the 14 min prior to the time of nearest 
approach, corresponding roughly to a distance of 720km. It 
seems beyond all reasonable doubt that the 9 and 4:5 sec periods 
correspond respectively to the period of rotation and half the 
period of rotation of the satellite. This is strongly confirmed 
in some of the latter recordings. 

Fig. 37 shows a 40 Mc/s record for the same period the follow- 
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ing evening. While the pattern is again symmetrical about th 
time of nearest approach, the fading pattern periods of approxi 
mately 4:5 and 9sec persist through most of the recording. | 

In both Figs. 36 and 37 the period during which the satellit, 
signals could be recorded was approximately 74min, corre 
sponding to a portion of the orbit approximately 3600 km long 
Further the peak values are about 25 dB above I pV. | 

Fig. 38 is another 40 Mc/s record taken at 0530G.M.T. 0) 
the 13th October, when the satellite was moving NW.-—SE. at | 
height of about 450km, ie. above the height of maximun 
ionization. The structure of this record tends to be markedl 
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Fig. 36.—Field-strength recording: 2250G.M.T., 10th October, 1957: 40 Mc/s. 
N. Apparent time of nearest approach. 
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Fig. 37.—Field-strength recording: 2250G.M.T., 11th October, 1957: 40 Mc/s. 


N. Apparent time of nearest approach. 
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Fig. 38.—Field-strength recording: 0530G.M.T., 13th October, 1957: 40 Mc/s. 
N. Apparent time of nearest approach. 
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Fig. 39.—Field-strength recording: 0350G.M.T., 15th October, 1957: 40 Mc/s. 


N. Apparent time of nearest approach. 
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Fig. 40.—Field-strength recordings: 2110G.M.T., 15th October, 1957. 
(a) 20 Mc/s. 
(b) 40 Mc/s. 
(c) No record taken prior to this time. 
N. Apparent times of nearest approach. 
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Fig. 42.—Field-strength recordings: 0520 G.M.T., 18th October, 1957. 


(a) 20 Me/s. 
(b) 40 Me/s. 
N. Apparent times of nearest approach. 
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Fig. 43.—Field-strength recordings 0525 G.M.T., 16th October, 1957. 


(a) 20 Mc/s. 
(b) 40 Mc/s. 
N. Apparent time of nearest approach. 


asymmetrical about the time of nearest approach, and after 
0531 G.M.T. it is very noticeable how the rate of fading increases 
with time. 

A comparison between Figs. 37 and 38 confirms what one 
would expect, namely that when the satellite is higher (Fig. 38) 
its signal strength is lower, but that the signal can be received 
over a longer period. 

Fig. 39 shows another record taken during the early morning 
of the 15th October. It is again seen that the broad structure of 
the record is asymmetrical about the time of nearest approach, 
after which the fading becomes more systematic and increases 
in rate. 

In both Figs. 38 and 39, signals were recorded for about 
104min, corresponding approximately to 5000km of satellite 
path, with peak values of about 15 dB above 1 pV. 

Fig. 40 shows recordings made simultaneously on 20 and 
40 Mc/s at about 2110G.M.T. on the 15th October, when the 
satellite was moving in a SW.—-NE. direction at a height of 
about 200km. There are two interesting features associated 
with these observations. First, there is a marked difference in 
the fading patterns on the 20 and 40 Mc/s charts, since in the 
former the signal strength minima are very brief, whereas in the 
latter the variations are more or less sinusoidal in form. 
Secondly, the fading of the 20 Mc/s signal has components with 
periods of approximately 4-5 and 9sec, but only the 4-Ssec 
period appears in the 40 Mc/s recording. 

Fig. 41 shows simultaneous recordings of the 20 and 40 Mc/s 
signals made during the 0339 G.M.T. transit on the 18th October. 
The fading patterns of the two transmissions differ considerably 
in detail. While the 20Mc/s transmission gives a pattern in 
which the 4-5 and 9sec intervals can be fairly readily distin- 
guished, the 40 Mc/s pattern shows minima at continually chang- 
ing intervals, ranging from 30 to Ssec. A feature of the 20 Mc/s 
recording is a very rapid fading pattern which appears with a 
period of about Isec just after the time of nearest approach. 
This may possibly be due to the Faraday effect. 


Fig. 42 shows the 20 and 40Mc/s recordings for the nex) 
transit. On these recordings both the 20 and 40 Mc/s fadin» 
patterns, in places, show well-defined 4-5 and 9 sec periods. Th’ 
20 Me/s record again shows an additional pattern with a fadin) 
period of approximately 1 sec, superimposed on the 4-5 and 9 se! 
patterns. ‘ 

Perhaps the most outstanding example of the difference in th f 
fading on 20 and 40 Mc/s is that shown in Fig. 43, where record) 
ings obtained at about 0525G.M.T. on the 16th October ar 
reproduced. It will be seen that on 20 Mc/s, shortly before th 
apparent time of nearest approach, a well-pronounced fadin,) 
pattern appears, which continues with increasing frequenc) 
until it cannot be resolved by the recording equipment. Thi’ 
seems to be one of the best examples of the Faraday effect. 

Discussion of Results—There appear to be several charac} 
teristics that are common to a number of recordings: i 


(a) The 20Mc/s recordings frequently show fading with com) 
ponents having periods of 9 and 4:5sec. The 40 Mc/s recording 
show somewhat similar characteristics, but in this case the shorter) 
period component is sometimes very pronounced. These variation: 
appear due to the rotation of the satellite. 

(6) The recordings often show a marked asymmetry about thi) 
time of nearest approach. 

(c) There is often a well-defined sinusoidal component of th 
fading pattern which changes smoothly in frequency, and withou| 


L 


further analysis it seems likely that this is due to the Faraday i 

Conclusions and Acknowledgment.—The records presente: 
with this paper are representative of the large amount of field) 
strength data obtained at Banbury Radio Station during obser 
vations on the first Russian satellite. Little effort has beet! 
available to analyse and interpret these data, although comment) 
have been made on the more obvious features. 

The authors would like to thank the Engineer-in-Chief of thi) 
Post Office for permission to publish the paper. They woul 
also like to thank their colleagues for the generous assistanci) 
given in preparing the material. 
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RADAR OBSERVATIONS OF THE RUSSIAN EARTH SATELLITES AND CARRIER ROCKET 
J. DAVIS, B.Sc., J. V. EVANS, Ph.D., S. EVANS, Ph.D., J. S. GREENHOW, Ph.D., and J. E. HALL, B.Sc. 


INTRODUCTION 

When the first Russian earth satellite was launched on the 
h October, 1957, the large radio telescope at Jodrell Bank 
as still incomplete, and it was necessary to make emergency 
rangements in order to bring it into use as a radar instrument. 
Assuming scattering cross-sections of the order 1-10m2, it 
as apparent that only two of the existing equipments at Jodrell 
ank would be capable of giving an echo at ranges greater than 
sout 500km. These were the 120 Mc/s long-pulse transmitter 
sed for lunar echo work and a small 36Mc/s transmitter 
tended for use on meteor echo studies. 

The telescope had previously been tested on reception by 
Xservation of the radio star in Cassiopeia at frequencies of 
58 and 408 Mc/s and the theoretical performance figures had 
sen achieved. The performance of the telescope at 36 and 
0 Mc/s could therefore be assumed to be close to the predicted 
pures. 
EQUIPMENT 

The Radio Telescope.—The aperture of the large parabolic 
fiector,! which is fully steerable in azimuth and elevation, is 
yproximately 80m [Fig. 44a]. For an efficiency of 60%, the 


lunar observations normally operated at a peak power of 10 kW, 
a pulse length of 20 millisec and a pulse repetition frequency of 
1 per sec (Browne ef al.).2, As the equipment is rather bulky, it 
was decided in the first instance to connect the transmitter to the 
aerial feed through a long transmission line, even though the 
overall feeder losses would be of the order of 15dB. Under 
these conditions, and with a pulse length of 2 millisec, an object 
with a scattering cross-section of 10m? would give an echo 6dB 
above r.m.s. noise at a range of 1600km. At a later date the 
transmitter was mounted on the main structure of the telescope, 
eliminating most of the line losses and increasing this range to 
2800 km. 

The 36 Mc/s Equipment.—A small 36 Mc/s transmitter giving a 
peak power of 10kW at a pulse length of 10 microsec and pulse 
repetition frequency of 750 per sec., intended for meteor echo 
work, had just been finally tested prior to the launching of the 
first satellite. Calculations showed that, if the pulse length 
could be increased to 150 microsec and the feeder losses reduced 
to approximately 1dB, an echo might be obtained from the 
carricr rocket at ranges up to about 700km. This transmitter 
was mounted in the swinging laboratory at the foot of the aerial 


Fig. 444.—View of the 80m radio telescope at Jodrell Bank, used for radar observations of the Russian earth satellites. 


“lecting area is 3000 m2, and the aerial gain over an isotropic 
idiator is 600 at a frequency of 36 Mc/s and 6500 at 1 20 Me/s. 
»< full half-power beamwidths at the two frequencies are 8° 
d 2-5° respectively. The maximum rate of tracking is approxi- 
ately 25deg/min; thus the instrument would be capable of 
‘lowing a satellite at ranges greater than about 1000km. For 
2 of the early observations, however, the telescope was fixed 
4 predetermined direction, and echoes were observed as the 
te lite passed through the aerial beam. 

‘2 e120 Mc/s Equipment.—The 120 Mc/s transmitter used for 


mast, directly beneath the reflecting surface of the telescope, 
together with the T-R switch and preamplifier. A 30m length 
of coaxial cable was then sufficient to couple the transmitter to 
the feed at the focus of the telescope. 

The primary feeds for both equipments were single dipoles 
with parasitic reflectors, mounted with crossed polarizations to 
reduce the coupling between the two aerials. 

The parameters of the 120 Mc/s and 36 Mc/s equipments are 
summarized in Table 8. 

Radar Coverage of the Two Systems.—When the radio trans- 
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Table 8 


PARAMETERS OF EQUIPMENTS USED FOR RADAR OBSERVATIONS OF THE RUSSIAN SATELLITES AND ROCKET 


Pulse repetition 


frequency Feeder losses 


Pulse length 


pulses/sec dB 


10—20 15 
10—20 5 


kW microsec 


10 2 000 
2.000 


150 20—75 


Fig. 448.—Photographic record of a radar echo from the carrier rocket of the first satellite. 


(a) 1 sec time marks, coded at | min intervals. 
(b) Echo amplitude. 


(c) Echo range. 


mitter in a satellite is still operating it is possible to determine 
the orbit using radio direction-finding methods. However, in 
the case of the first two Russian satellites, the accuracy of the 
radio determinations was such that from one day to the next 
the time of transit of the satellite could only be predicted to 
within a minute or so, and its position to within approximately 
100km. When the transmitters cease operation only the 
inclination of the orbit and the approximate position of its 
plane are known. Thus, with a narrow pencil beam it is difficult 
to obtain a radar echo even using the predictions based on the 
radio direction-finding methods. In the absence of these 
predictions the lengthy process of scanning the plane of the orbit 
continuously must be adopted. 

The coverage in height, A/, and in ground range, Al (Fig. 45) 
given by the beam of the radio telescope at frequencies of 36 Mc/s 
and 120 Mc/s, is illustrated in Table 9. It is apparent that the 


Table 9 


COVERAGE OF THE 80M RADIO TELESCOPE USED AS A RADAR 
INSTRUMENT 


Beamwidth 
Frequency | 6 (max. to 
half power) 


Coverage in 
ground 
range, Al 


Elevation, 
E 


Height 


Range, R coverage, AL 


km 
30 
30 
[e@) 


maximum coverage is obtained when the beam is directed at the 
lowest possible elevation, the limiting elevation being set by the 
maximum range at which an echo can be detected. Because of 


{ 
| 
; 


bn 

Max. range fo| 
S.-N. ~2 ls 
target 10m2;)) 


Noise factor Bandwidth Collecting area 


dB c/s m2 km f 
5 500 3000 1600 jp 
5 500 3000 2 800 10 
k ise 
. 3 ! 7000 3000 700 WG 


scucsts 


Fig. 45.—Coverage of the 80m radio telescope used as a rada 
instrument at 36 and 120 Mc/s. 


the wider beamwidth and lower sensitivity, the 36 Mc/s equit 
ment was most suitable for short-range work at high elevations 


while the 120 Mc/s equipment gave maximum coverage at range | 
greater than 1000km. 


RESULTS 


The 120Mc/s transmitter was available for testing by th 
night of the 9th October, and the 36Mc/s transmitter by th 
10th. Some difficulty was experienced in achieving full sensi 
tivity at 120 Mc/s, and the first radar contacts with the rocke 
and satellite were made on the 11th using the 36 Mc/s equipment 
An example of a radar echo from the first rocket is illustrate: 
in Fig. 448. Echo characteristics are displayed on two cathode | 
ray tubes, photographed by a film moving at right angles to th’ 
direction of deflection. Tube (c) is an intensity modulated rang. 
display, and as the rocket passed through the fixed aerial bean 


: 


i] 
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e range increased from 500 to 560km, with a radial velocity of 
3km/s. The time of transit could be determined to within 
2sec using the 1 sec time markers also displayed on the film. 
The amplitude variations of the echo are displayed on the 
cond cathode-ray tube, (b). The maximum signal/noise ratio 
approximately 11 dB, giving 10m? as the minimum scattering 
oss-section of the carrier rocket. 
In the echo illustrated in Fig. 448 the fluctuations in amplitude 
e small, although smoothing shows the presence of a shallow 
ictuation with a period of approximately 2sec. Other echoes, 
both 36 and 120 Mc/s, show fading of variable depth with 
»out the same period. This fading could be due to rotation of 
e plane of polarization of the radio wave, scintillation effects 
the ionosphere, or rotation of the rocket. These phenomena 
being further investigated. 
Up to the 22nd November, 13 radar contacts had been made 
th the first rocket, 1 with the first satellite, and 2 with the 
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second satellite. Because of the confusion introduced by 
echoes from meteor trails, however, three of these echoes cannot 
definitely be confirmed. The problem of identification of the 
echoes will be considered in greater detail in a later paper. 

It is proposed to continue observations of the satellites and 
rockets on a systematic basis, including a search for the first 
satellite, which, now that its radio transmitter has failed, is 
difficult to detect by other means. It is of considerable scientific 
importance, of course, to observe the final stages of the entry 
of these objects into the earth’s atmosphere, and the observations 
will be directed with this object in view. 


REFERENCES 
(1) Lovett, A. C. B., Nature, 1957, 180, p. 60. 
(2) Browne, I. C., Evans, J. V., Murray, W. A. S., and 
HARGREAVES, J. K.: Proceedings of the Physical Society, B, 
1956, 69, p. 901. 


OBSERVATIONS AT THE ROYAL RADAR ESTABLISHMENT 
J. S. HEY, M.B.E., D.Sc. 


“Zae observations which have been made at the Royal Radar 
siablishment were obtained with the radio telescope which we 
1G built during the last year or so for radio-astronomy research. 
ne telescope is only 45ft in diameter, which is small in com- 
‘imison with modern standards, but it has the special feature 
iat it has been designed to work at a wavelength of 10cm. 
nis meant that the accuracy of surface contour of the parabolic 
‘fiector had to be within +4in under all working conditions. 

| Following the launching of the first Russian satellite on the 
th October, the radio telescope was converted in about three 
weks into a high-power radar equipment using a wavelength 
| 10cm to try to get radar observations from the satellite and 
je rocket. 

‘I should like to digress for a moment to refer to the special 
vantage of a short wavelength such as 10cm. The gain of an 
trial is 471A/A?, where A is the area of the aperture and A the 
avelength. There is more power, therefore, directed on to 
ie radar target by a factor proportional to A/A*. The power 
ux of the reflected signal is received back over the aerial aperture 
; area A, so that there is an overall factor of A?/A* in the power 
| the receiver. There are other factors, such as the echoing 
yea, o, of the target, but assuming these are nearly constant an 
“proved performance is obtained by having a short wavelength. 
‘The beamwidth is then, of course, narrow, i.e. the power is 
ping put into a narrow beam. The beamwidth is of the order 
! A/D radians, where D is the diameter of the aperture. This 
»mes out, using 10cm over 134m, to about 3° beamwidth. I 
lall come back to this later, because it is very significant when 
vying to find a target. 

’ There is another requirement when working at very long ranges: 
‘is necessary to have a transmitter of high power. Two factors 
€ involved, the peak power and the pulse length, and it is the 
‘oduct of these which counts in getting long-range performance. 
‘¢ will assume that the bandwidth of the receiver is adjusted 
“erding to the pulse length. In some observations low power 
it yery long pulse length have been used, but there is an 
lventage in having a short pulse length, because it is then 
essible to measure the range much more accurately. In our 
ju oment, therefore, we have used a pulse length of 5 microsec 
id a high peak power of 2 MW. 

\%¢ calculated that with this equipment we ought to be able 
| Cstect the first satellite—assuming it to be a sphere of about 


23 in diameter, which gives it an echoing area of something like 
4m?—at a range of 1000km. The main problem has been to 
know where to look, because the beamwidth is so narrow. We 
had hoped that predictions from the interferometer ebservations 
and from any visual observations would have attained the 
required accuracy to direct us on to the right path, but they were 
far from being good enough, and detection has depended much 
on chance. 

I have mentioned so far only the first satellite itself. Actually 
the chances of detecting the rocket are better; it has a bigger 
echoing area, and it is possible to look at it at a longer range. 

The rocket of the first satellite was first detected on the 30th 
October. This gave a strong echo at a range of 1400km. The 
echo as seen on the radar display is shown in Fig. 46. The 
marks at lower range are near ground returns appearing at the 
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Fig. 46.—Radar echo of the rocket of Satellite I. 
Obtained at the Royal Radar Establishment, Malvern, 30th October, 1957. 
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wrong range, because there is an overlapping of several traces 
of the time-base. The picture shows the appearance of the echo 
on the display as it moved through the 4° beam in the order of a 
second or so, and the change of range with time can be observed. 
It will also be noticed that it is a double echo, and this is evidence 
of a scintillation of echoing area due to the varying aspect of 
the rocket as it went through the beam. 

Since then we have had a number of successful observations 
of this first rocket, and more recently, on the 14th November, 
we also obtained an echo from the second satellite. This, of 


GENERAL DISCUSSION AT SESSION II ~| 


Mr. W. T. Blackband: I wish to comment on points which 
were raised in various papers about the asymmetry in time of 
the recorded signals from the satellite, chiefly referring to 
40 Mc/s. 

We have made measurements at the R.A.E. using an aerial 
system in which we had three dipoles arranged orthogonally— 
i.e. one vertical dipole, one which lay more or less along the 
track of the satellite, and another at right angles to it—and we 
made simultaneous measurements on these three. We also have 
observed asymmetry in signal amplitude on the separate aerials 
of our system. For instance, the signal duration and amplitude 
may be greater before than after the time of nearest approach. 
However, we have observed that this is not the same for the three 
signals of differing polarizations—in some instances a strong 
early signal on one aerial with weak late signal may be accom- 
panied by a signal on one of the other aerials which is weak 
early and strong as the satellite recedes. 

From this we conclude that any full theory of the amplitude 
envelope must take into account the polarization of the incoming 
ray, and also that measurements designed to study these effects 
should cover the polarization as well as the amplitude of the 
received signal. 

There was another asymmetry which was noticed in the Post 
Office records, which was that sometimes there was a very deep 
fading on one half of the transit and very little fading on the 
other half, and it was noted that this was probably due to a 
rotation of the satellite itself, a rotation which has been observed 
to be about 6 cycles/min. I want to put forward an explanation 
of why these occurred perhaps at only one part of the transit 
and are at some times very much deeper than at others. 

The aerial on the satellite is probably rather complex, but we 
can assume that it has a radiation pattern with rather large 
broad lobes. The satellite rotation will move these lobes with 
respect to an observer and produce an amplitude modulation of 
the received signal. This may be shallow or deep, depending 
upon whether it is the broad maximum or the steep side of the 
lobe which is directed toward the observer. If in this motion 
the crest of the lobe passes the observer, there will in general be 
two maximum signals per revolution and the modulation will be 
at a frequency of 2f; if the crest is not reached the frequency 
will be f, the frequency of rotation of the satellite. The variation 
in the fades comes from the change in direction of the line of 
sight with respect to the satellite aerials as they pass overhead. 

Mr. V. A. Hughes: At the Royal Radar Establishment, we 
have obtained altogether five echoes from the first rocket and 
one from the second satellite. Two of the rocket echoes showed 
scintillation whilst the others did not. The suggestion is that 
the scintillation is due to aspect sensitivity of the rocket. This 
is based on initial observations of radar echoes from the moon 
which have been obtained with the radar equipment. These 


course, is rather like the first rocket, because we understan|; 
that the carrier rocket is included with the satellite. SH 

In closing, I should like to mention that not only has th” 
Radio-Astronomy Division been concerned in this work, an) 
particularly Mr. V. A. Hughes, but the building of this rade) 
equipment and the receiving and recording equipment in sii 
short a time, and the manning of the radar watches, hay) 
involved the work of a number of people from various depar | 
ments in the Establishment. This has, in fact, been very muc! 
of a co-operative effort. 
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reflection, and have not yet shown scintillation that we ma) 
attribute to the ionosphere. We hence have no real evidenc) 
that the ionosphere produces scintillation at this wavelength. || 

Mr. N. Lea: I would like to refer briefly to some measure> 
ments carried out by my colleagues at Chelmsford. The measure’ 
ments were related solely to the 40 Mc/s signal from the firs 
satellite. Considerations of noise and possible modulatio 
suggested that, after subtraction of a precision frequency ¢ 
40 Mc/s, the audio remainder might often be insufficiently clea” 
to give good recording by direct cycle counting. A tunable 1.) 
oscillator was therefore matched to the audio remainder wit’ 
the aid of a cathode-ray-oscilloscope phase display, the outpt | 
of the 1.f. oscillator being passed to the recording systems. 

Since the accuracy of the recordings depended primarily upo). 
close following of the audio remainder by the 1.f. oscillator, thre 
methods of tuning the latter were used, namely by a preferre! 
slow-motion drive, by phase-lock reactance valve, and by / 
combined manual and velodyne system. The first metho; 
required skill but following errors could be kept within 3 c/s fo} 
90% of the time. The second method gave good locking bu 
was not used much because it was feared that phase shudders 
imparted to the Lf. oscillator by noise in the audio remaindei} 
would cause errors in a counter-type recorder. 

The third method, illustrated by Fig. 47, required less skill a 
enabled following errors to be kept within 1c/s for 90% of th! 
time. 


a EE Te 


40Mc/s 
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; 

Fig. 47.—Frequency measurement plan, using combined manual any 
velodyne following. } 
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Fig. 48.—Frequency recording systems. 
(a) Magnetic tape. ‘ 
(6) Frequency meter and recording millivoltmeter. 
(c) Counter and film camera. 
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The frequency of the 1.f. oscillator was recorded automatically 
in two ways as indicated at (b) and (c) of Fig. 48. 

The tape recorder at (a) is something more than a useful 
monitor. At (5) a linearized electronic frequency-meter is used 
in combination with an open-scale recording millivoltmeter, 
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Fig. 49.—Centre frequency of first satellite. 
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Fig. 50.—Doppler curves for first satellite, with day-to-day changes of centre frequency eliminated. 


Date Middle Slope, 
Curve October, aan elas 
195 
1 23 1850 28-3 
2 17 2102 20:0 
3 18 2058 152 
4 19 2053 121 
5 21 2042 9:0 
6 17 1922 isl 
fl 19 0156 6:1 
8 19 2232 542 
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and at (c) the total cycles, received after a datum ‘start’ signal, 
are counted by a 20-stage binary counter fitted with a lamp-type 
read-out unit, the latter being photographed at precision one- 
second intervals. The recordings obtained by method (6) were 
remarkably clean and symmetrical. 

By matching an inverted copy of a record with the original it 
was possible to determine graphically the centre frequency 
within 15c/s, and the time of transit through centre frequency 
within 1 sec. 

The error in estimating maximum slope appeared not to 
exceed 2°%. Figures obtained in this way from many orbits were 
communicated to other laboratories. 

Fig. 49 shows a plot of centre frequencies for 35 orbits, with 
a marked dip on the 13th October, and a much larger dip after 
the 22nd October, probably associated with battery failure. The 
vertical lines through the plotted points indicate likely limits of 
error in the deduced centre-frequencies. 

Fig. 50 illustrates eight Doppler curves having maximum 
slopes between 28c/s/s and 5c/s/s with day-to-day variations of 
centre-frequency eliminated. 

From the recordings by method (c) of Fig. 48, it is possible to 
make deductions of considerably higher precision. Preliminary 
analysis of some of these recordings by Dr. Shinn and Messrs. 
Blythe and Palmer suggest, for example, that the orbit of 0335 U.T. 
on the 19th October gave figures whose r.m.s. departure from a 
best-fitting quartic was 1-9 cycles. For the same orbit the 
maximum slope deduced was 15:06 + 0:02c/s/s, and the time 
resolution for transit through maximum slope was +0-036sec. 
It must be understood that propagation uncertainties prevent 
these resolutions being used directly to define accuracies of 
orbital information. 

Mr. H. C. Woodhead: At the Post Office Measuring Station 
at Baldock, during the passage of Satellite I we did altogether 
some 200 observations on 20 Mc/s and 40Mc/s. I should like 
to confirm Mr. Stanesby’s remarks on the Banbury observations 
by saying that we also found a number of cases where there were 
differences between transit time as measured on 20Mc/s and 
on 40 Mc/s. 

Another possible explanation has occurred to me for Fig. 29, 
in which a ‘ghost’ Doppler is shown leading the main Doppler by 
some 5min, or 2000km. Is it known whether the rocket casing 
was at that time circling the earth some 2000km in advance of 
the satellite? If that should prove to be the case, it might be that 
signals from the satellite were being reflected by the rocket casing 
at its nearest approach. It will be observed that the ghost 
Doppler gives, from its steepness, a distance of some 250km 
from the source to the reflecting point, whether it occurred as 
Mr. Stanesby suggested or as a reflection from the rocket casing, 
as against some 560km for the satellite which came 5 min later. 

There were similar cases on 20 Mc/s during the early transits 
when the transmitter was keying on the two frequencies alter- 
nately. After the 7th October (Fig. 29 was taken on the 6th), 
it seemed to us that the mechanism went wrong, as if it had 
stuck in the 40 Mc/s position, and the signal which we got on 
20 Mc/s was attenuated perhaps by the capacitance of a relay 
switch. I think that the figure quoted by Mr. Parker of some- 
thing less than 1 watt was for this latter condition, and that 
originally the 20Mc/s transmission may have had as much 
power as the 40 Mc/s transmission. 

Mr. H. Stanesby: I am grateful to Mr. Woodhead for his 
remarks, confirming that the apparent times of nearest approach 
derived from the 20- and 40-Mc/s Doppler curves were often 
observed to differ at Baldock, as they were at Banbury. I am 
interested in his suggestion that the ghost Doppler curve shown 
in Fig. 29 might have been due to signals from the satellite 
falling on the rocket whence they were re-radiated. I do not 
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think, however, that this could be so. Accepting that the slop! 
of the ghost Doppler curve corresponds to a range of abou 
240km, let us suppose that the rocket was leading the satellit)) 
by 240km, and that both were about 2000km away from th re 
point of nearest approach when the ghost curve was being traced § 
any signals re-radiated from the rocket would have been man 
orders weaker than those from the satellite itself. I therefor 
find it difficult to imagine conditions under which we shoul) 
have received the re-radiated signals and not those directly fror’) 
the satellite. 
Mr. Lea described the very interesting technique which he ha - 
been using for making Doppler observations. I might hav” 
stated in my paper that, when a counter was used to measure th) 
frequency of keyed signals, an oscillator accurately wynchontil 
with the signals by means of a highly-developed automati|: 
frequency-control system was used to bridge the interval due : 
keying. [ 
Mr. H. V. Griffiths: As is well known, we were concerne) 
with these observations from the earliest period; in fact, fror 
just prior to 0015 G.M.T. on the 5th October, when the satellity 
signals were first identified. I shall leave to my colleague Di : 
Phillips the discussion of some of our measurements. Th 
B.B.C. station at Tatsfield is equipped to measure frequency 
field-strength and signal direction; the latter with an oscilloscopi’ 
direction-finder. The number of frequency measurements made 
mainly to disclose the Doppler shift and propagation charac 
teristics, has been very large. In the beginning this was partl, 
because we felt that at 0015 G.M.T. other laboratories migh » 
not be active; we carried on thereafter hoping to learn somethin 
of interest ionospherically and to be of assistance to others) 
and our early results including orbital reception times hawil 
been acknowledged. a | 
I would like first to afflict you once more with this recordin)” 
of the ‘bleeps’. Mr. Stanesby mentioned the reverse Dopple 
effect, in which the frequency graph begins to rise again as th 
satellite recedes into the far distance, but you will first hear th) 
signal made by a locked oscillator heterodyning the satellit 
transmission, as it occurs in the middle part of the Dopple 
characteristic. The frequency can be heard falling in pite 
[Demonstration]. 
The next piece of the tape is interesting because it exemplifie 
the turn-over or reverse Doppler effect [Demonstration]. Fig. 5) 


shows a similar but complete transit, though not the same on¢ 
The turn-over effect will be seen at the foot of the main slope. | 
These satellite signals have commonly been heard for lon) 
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Fig. 51.—Bleeps from Satellite I. 
B.B.C, Tatsfield station, 7th October, 1957. 
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riods continuously; as long as 40min on 20 Mc/s and almost 
min in one case on 40Mc/s—of remarkable interest in 
opagation study. 

A further point I would like to mention is this. You are 
miliar now with the regular noise of the bleeps, but there was 
least one occasion (0840 G.M.T., 7th October) when the pulses, 
stead of exhibiting the usual regularity with the descending 
yte, had a peculiar triple rhythm or ‘hiccup’, which may repre- 
nt some deliberate or accidental difference in transmission. 
re pulse frequency and mark/space ratio normally varied with 
e time of observation, as will be seen from Fig. 52, showing 
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Fig. 52.—Pulse records of Satellite I. 
B.B.C. Tatsfield station, Sth-15th October, 1957. 


ief extracts from our pen-chart recordings. The satellite 
znals initially had a repetition frequency of 108 pulses per 
inute rising later in one period to 180 pulses per minute. The 
cording shows examples of different mark/space ratios and 
ilse repetition frequencies, with the satellite recorded on the 
~ pen and the one-seconds marker pips on the bottom pen: 
will be seen that the upper recording shows the longest periods 
‘mark. But, for the one definite occasion mentioned, we have 
tape recording of the bleeps with the rhythmic characteristic 
id this, as you will hear, sounds quite different [Demonstration]. 
Dr. G. J. Phillips: Fig. 53 shows that on some occasions the 
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Fig. 53.—Two-frequency Doppler curves. 


B.B.C. Tatsfield station, 8th November, 1957. 
(a) Frequencies relative to 40-002 Mc/s. 
(b) Frequencies relative to 20:005 Mc/s. 


1¢3pheric effect does not seem very large. Doppler curves 
“©. for 20 Mc/s and 40 Mc/s are plotted with a 2/1 frequency 
u, and it will be noticed that the slopes are very similar. 
» » allowance for ionospheric refraction is made, the curves 


give slant ranges of 759km and 736km respectively, assuming 
a satellite velocity of 8km/s. Some 20-Mc/s Doppler curves 
plotted from the Tatsfield observations showed fairly discrete 
jumps in frequency. A few fit in with the idea that the satellite 
is just below the height of reflection, and, to stretch the term 
used in long-distance ionospheric propagation, we have 24 hops 
and 14 hops before the main curve, which corresponds to 
propagation by a direct path. Other curves are much more 
complicated; for example, in Fig. 54 there is an indication of 
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Fig. 54.—Doppler curve with several breaks. 
B.B.C. Tatsfield station, 8th October, 1957. 


small jumps in frequency. A possible explanation for some of 
these is that, if the satellite is, say, 50km below the height of 
reflection, there may be a small jump due to the change-over 
between the signal initially being reflected from the layer above 
and the signal initially not being reflected. 

Fig. 55 is a record of fading on 40 Mc/s taken by the Field 
Strength Section of the B.B.C. Research Department using two 
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Fig. 55.—Fading on orthogonal horizontal dipoles. 
B.B.C. Research Department, 6th November, 1957. 


40 Mc/s voltage (open-circuit) from 2/2 dipoles, 4/4 above ground. 
Orientation: (a) 45° from N.; (6) 135° from N. 


horizontal aerials with orientations at right angles. Although 
they were in the same position, it can be seen that the fading is 
in antiphase on the two aerials. This would be expected for the 
Faraday type of fading. 

In connection with this type of fading two points may be 
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made. The first is that diversity reception of the type which 
uses polarization diversity would obviously assist in any process 
of relaying signals. The second is that the assumption made by 
some previous speakers that the transmitter emitted plane- 
polarized waves is not in general valid. If the radiation were 
from a linearly polarized aerial one might expect, at any rate 
on 40Mc/s, equal amplitudes of the two magneto-ionic com- 
ponents. The fading on a simple dipole caused by beating 
between these circularly polarized components would then always 
be deep. But the arrangement with the first satellite was that in 
certain directions an approximately circularly polarized wave 
was emitted. In those circumstances the fading would be much 
shallower because it would be almost purely one-component 
transmission. This condition may not hold, of course, for long. 
The polarization emitted, and hence the depth of fading, must 
vary with the changing aspect of the satellite. In general, an 
aerial for circular polarization, either at the transmitter or at the 
receiver, can reduce fading. 

Dr. D. C. Leslie: Mr. Hampton has described how the Royal 
Aircraft Establishment is using Doppler measurements to study 
the ionosphere. I want to talk about the way in which we have 
used the same measurements to determine the orbit. These 
two activities are not independent. Mr. Hampton has to know 
the orbit before he can determine what the ionosphere is doing, 
while we have to know what the ionosphere is doing before we 
can determine the orbit. 

The first step in the analysis is to determine the minimum 
passing distance from one station on one transit. Mr. Hampton 
has described how this is done. We find the centre frequency 
and then convert the data to a straight line. Because of the 
immense amount of data we have made a programme for the 
digital computer Pegasus which locates the centre by finding the 
minimum variance about this straight line. When we started we 
did not realize the magnitude of the ionospheric effect, and in 
fact we asked our helpers to measure only on 40 Mc/s; but this 
was a great mistake, because with 40 Mc/s only it is not possible 
to tell whether one is having trouble from the ionosphere or not. 
If future satellites are to have the same transmitters it will be 
essential to measure on both 20 and 40 Mc/s. 

From the point of view of orbit determination it is no good 
making measurements on anything but close transits. With 
distant transits a small percentage error makes a great difference 
in height, while the line of sight is always very low and badly 
affected by the ionosphere. So far, therefore, as finding the 
orbit is concerned, there are probably only two or three transits 
a week which are worth looking at. I ought to say something 
about the accuracy at which we think we should aim. The best 
method is probably to set up fixed frequencies and observe the 
time at which the signal goes through these; a 0-1sec in this 
quantity would be very good. Because of the magnitude of the 
ionospheric effects, we could probably not extract any more 
information from data which were more accurate than that. 

What do we want to determine? In the first place we want 
the times of closest approach, so that we can give to those who 
are working on the orbit the information which will give them 
the periodic time. This can be found from the times of closest 
approach either on two successive transits or on two corre- 
sponding transits on following days. With either method, there 
is a small correction due to the two successive transits being at 
different distances from the receiving station. This correction 
can be found as soon as the orbit is known very roughly. 

We also want height and the position of the track on the 
ground. The position information is quite independent of the 
time information in the procedures which we have used. We 
assume that «, the angle between the orbital plane and the 
equatorial plane, is known. It could in principle be determined 
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from Doppler data, but the accuracy we should get would b 
less than that with which it is presumed to be known. Tw 
stations will fix the track. If one has more than two stations— 
on one occasion we had five—one can do a least-squares fit ami) 
get an idea of the error. 

Our best results were for the 2108 transit of Satellite I on th) 
15th October. We made the height to be 124 + 3 nautical miles) 
I have two comments here. First, we do not believe that th 
errors are all random, i.e. they are not all observational. Ww 
think they are mainly due to the ionosphere. There is a bias ij} 
them, and the quoted standard deviation of 3 nautical miles doe) 
not mean that we know either the error or the bias exactly) 
The other point is that 124 nautical miles is considerably les 
than the interferometer determination of 131 nautical miles fe) 
the height on the same transit. This, I think, is explained b 
the remarks of Mr. Hampton on the increase in the directio 


ionosphere was relatively quiet. 

In doing these calculations it is not worth putting in the fu 
glory of elliptical orbit, rotating earth and the like: the accurac! 
of the data does not warrant it. We make a first calculatio: 
treating the trajectories of the satellite and the Doppler statio. 
as straight lines, so that the curved rotating earth is replaced b 
a sliding plane. We then make a correction for the fact that th’ 
distance between the Doppler station and the trace of the satellit” 
track on the earth’s surface is not quite at right angles to th 
height vector. The only other correction of any importanc’ 
comes in because the satellite is either climbing or dropping a: 
it passes over the observational stations. This did not matte! 
for Satellite I, but Satellite II has a much more eccentric orbit. | 

I should like to acknowledge the invaluable help we hav) 
received from the Post Office, the B.B.C., Marconi’s Wireles! 
Telegraph Co., Ltd., the R.R.E., and a umber of our ow. 
stations. 

Mr. H. Gent: Dr. Hey has referred to the work at the Roys } 
Radar Establishment on the active detection of satellites: Ww 
have also been doing passive detection work, using the 40 Mej| 
frequency only. We have made Doppler frequency recording} 
and have also used interferometers, in our case a N.S. and a} 
E.W. interferometer, both spaced three wavelengths apart an 
both provided with lobe-switching circuits. We have done first 
order analysis on individual transits of the satellite by a relativel 
simple method (the main difficulty being the removal of lob: 
ambiguities), treating the Doppler results and the interferomete 
results independently. Our Mathematics Division has als 
calculated an orbit for Satellite If which is based on Dopple 
and interferometer data from the R.R.E. only, and this agree 
as well as can be expected with the orbit published by th 
Nautical Almanac Office (the difference in ground track positio 
being about 100km). 

Since Mr. Hampton raised the point, I have noticed that ov 
Doppler slant ranges on the early morning transits of Satellite ] 
are almost exactly 10% greater than the (independent) interferc 
meter slant ranges, but we have not done any investigation 0 
this as yet. 

Dr. B. Burgess: I should like to describe the analysis of som 
field strength measurements taken at the Royal Aircraft Establist 
ment on the first satellite as it passed across this country. W 
recorded the variations in field strength on both the 20 Me/s an 
40 Mc/s transmission during a number of evening and mornin 
transits. The main characteristic of these recordings, as W 
have heard from previous speakers, was the very rhythm 
fading of the received signal. 

There are two possible mechanisms whereby rhythmic fadin 
could be produced at the receiver aerial. First, the spinning < 
the satellite itself would cause a rotation of the plane of polarizi 
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n of the transmitted signal with a frequency of 0, f, 2fr.p.m. 
cording to the orientation of the axis of revolution with respect 
the observer. Secondly, because the ionosphere is bi-refringent 
radio waves, the plane of polarization of the transmitted waves 
also rotated on passage through the ionosphere. This type of 
tation of the plane of polarization is called the Faraday effect, 
d in the atmosphere only the F-region has a sufficiently high 
ncentration of electrons to produce the type of fading recorded 
_ several of the transits. In order to distinguish between fading 
the signal due to the Faraday effect and that caused by the 
in of the satellite we can use the following information. 
‘On the evening transits, the estimated height of the satellite 
| its passage over England is about 250km. This is some 
—100 km below the level of maximum ionization in the F-region, 
id on these transits we should have no observable fading due 
the Faraday effect. Thus any fading must in this case be due 
the spin of the satellite itself. However, on the morning 
insit the estimated height of the satellite is about 450-500 km, 
nich is about 100km above the level of maximum ionization 
the F-region. Thus the fading observed during these transits 
I be due to both the Faraday effect and the spin of the satellite. 
yas a study of the evening records will lead us to an estimate 
tae spin. Such a study gives 0, 6:5 or 13-0 fades per minute. 
‘om this we conclude that the satellite is spininng at 6-Sr.p.m. 
Theoretically the rate of fading due to the Faraday effect is 
portional to f—*, where f is the frequency of transmission of 
© radio waves. Hence we would expect the Faraday effect 
cause fading on the 20 Mc/s transmission which was four 
nes as rapid as that on 40 Mc/s. Assuming this to be correct 
id knowing the rate of fading that can be accounted for by 
© spin of the satellite, we can determine the fading due to the 
uraday effect from a study of the 20 Mc/s and 40 Mc/s record- 
gs of the same transit. By comparing recordings it is possible 
determine in any one case whether the spin had altered the 
te of rotation due to Faraday effect by +2f, +f or left it 
ichanged. Fig. 56 shows a plot of fading rate due to Faraday 


1 72 
(J 
he 5 
2 Zz 
oa Po 
24 48x 
a J 
i a 
- e 
B ra 
9 fh 
re 
244 
n iS) 
oO = 
= (eo) 
[e) N 
v 
fe) 
0332 0334 0336 0338 0340 


GMT, 19th OCTOBER 1957 


z. 56.—Fading rate due to Faraday rotation plotted against time 
of transit. 


x 20Mc/s. © 40Mc/s. 


“et against time of transit for the 0330 transit on the 19th 
tober, 1957. 

We can use these rates of rotation of the plane of polarization 
ne transmitted wave to estimate the total number of electrons 
t-veen the observer and the satellite. We find that the mean 
‘ai electron content, in a vertical column of lcm? cross- 
“ onal area between the ground and the satellite, taken over 
- path of propagation through the ionosphere, is 1-9 x 1013 
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electrons. Now, radio soundings of the ionosphere at this time 
of day give a total electron content up to the maximum level of 
ionization in the F-region to be of the order of 4 x 10!? electrons. 
This means that we have to account for 15 x 10! electrons in 
the region between the level of maximum ionization in the 
F-region and the satellite. This is at least three times too large 
a value to put in this region. 

I should be very pleased to have comments on this anomaly if 
anyone has done any similar analysis, since this type of experi- 
ment is an exceptionally simple method of gaining knowledge 
of the ionosphere above the F-region maximum of electron 
density. 

I should also like to ask if anyone has recorded any rhythmic 
fading of signal during the early morning transits of the second 
Russian satellite. 

Dr. D. H. Shinn: Dr. Burgess asks if anyone has noticed that 
there was very little fading during the morning transits of the 
second satellite. Our observations at Great Baddow do in fact 
show this effect. 

It seems to be established that the fading generally observed is 
due to a considerable extent to changes in the polarization of the 
received signal. In view of this, it is unfortunate that, as far as 
I know, no one has actually measured polarization. I hope that 
for the next satellite someone with appropriate apparatus will 
make such measurements. 

The orbit of the first satellite is regarded as reasonably well 
determined, and the figures have been published. But radio 
measurements on the second satellite show too great disagreement 
with each other to enable any orbit to be deduced. However, 
all radio observations of which I have heard indicate a height 
of about 500km for the south-going transit, 3rd—8th November. 
I was surprised to hear that Jodrell Bank estimate this height to 
be 650km. I should like to know if anyone else has any ideas 
about this. 

Mr. W. T. Blackband: We have not made measurements on 
phase directly, but comparing the measurement of field strengths 
on three orthogonal dipole aerials we were able to show that 
their relative amplitudes changed sequentially as would be 
expected with a rotating vector. It is an over-simplification to 
say that for two aerials at right angles their signals are out of 
phase. Their relative phase depends upon the angle which the 
incoming ray makes with the plane of the two dipoles. 

Mr. E. D. R. Shearman: At the Radio Research Station, we 
have been interested particularly in the modes of propagation 
which enabled the signals to be received when the satellite was 
over the horizon. Other speakers have referred to the Doppler 
curves obtained under these conditions; discontinuous fre- 
quency/time curves were observed before and after the S-shaped 
curve representing the transit overhead, indicating that different 
modes were effective at different times. 

An example of this behaviour was observed on 40 Mc/s at 
1350 G.M.T. on the 6th November when Satellite II was travelling 
from north-west to south-east across England. The configuration 
of the track of the satellite and the F2-layer have been studied 
in detail for this transit, since the satellite passed nearly overhead 
at Slough, making the analysis of the modes of propagation 
particularly convenient. 

The configuration for this transit is given in Fig. 57, which 
shows a section through the earth in the plane of the orbit 
and indicates the position of the observing station, Slough, the 
estimated height of maximum ionization of the F2-layer, and 
the track of the satellite. The positions of the satellite at minute 
intervals before and after passing over Slough are shown along 
the track. 

The configuration shows that the satellite had climbed through 
the F2-layer maximum before the period of observation, and 
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Fig. 57.—Transit of Satellite I. 
Observed on 40 Mc/s at 1350 G.M.T., 6th November, 1957. 


— — — — Path of radio wave from satellite to Slough. 


was considerably above the layer when passing over Slough. 
The estimated angle of elevation for escape of a ray through the 
layer was 2-5° to the north-west and 10° to the south-west. 
Neglecting deviation of the rays, therefore, it would be expected 
that signals would be received when the angle subtended above 
the horizon by the satellite was greater than these values (trajec- 
tory as at B in the diagram). In fact the signal was first received 
somewhat after the satellite rose above this ‘critical angle’ to the 
north-east, but was heard for one minute after falling below the 
critical angle to the south-west. 

The prolonged period of reception to the south-west is explic- 
able by ray deviation of the kind shown at C. Such deviation 
would have been possible because the ionization in the layer was 
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constant or increasing slightly with increase of distance in thi. 
direction. To the north-east the ionization was decreasing fas ~ 
and was therefore unlikely to sustain a deviated ray. 

Before this ‘line-of-sight’ period of reception, signals wer 
also heard for two minutes when the satellite was 4000-3 000 kn 
from Slough. At this location the ionization was sufficiently 
small for a ray to penetrate the layer, undergo deviation anc 
reach Slough by a path such as that at A. The range was toc 
short for a ‘14 hop’ mode involving a ground reflection, so tha’ 
a deviated trajectory would have been necessary. I 

The analysis of these satellite observations has called attentior 
to some of the complications introduced into propagation by 
horizontal gradients in the ionosphere. 


SUMMING-UP 


R. L. SMITH-ROSE, C.B.E., D.Sc.; 


If I were asked to summarize in half a dozen words what has 
taken place to-day, I would say that something was started seven 
weeks ago which has occupied the attention of nearly every 
radio research worker in the country, and the future of which 
will extend for a very great length of time. 

It would be quite impossible for me to summarize what such 
a large number of speakers have said to-day, or to summarize 
the information displayed on fifty or sixty lantern slides. What 
I should, however, like to do is to bring out a few points about 
the origin of this particular activity as an international effort 
and see what it is leading to and where we are likely to go in the 
future. 

First, I am certain that this particular event arose out of the 
planning that has been going on for the past four or five years 
in connection with the International Geophysical Year (I.G.Y.) 
—actually a period of eighteen months—which started on the 
Ist July, 1957. The idea of this period is that scientists all over 
the world, in some thousand or more observatories, shall on 
certain specified days of the month take measurements of the 
physical characteristics of the earth and its atmosphere and of 
the radiations from the sun which produce various phenomena 
here. 

One part of the programme of the I.G.Y. is concerned with 
rockets and satellites, and so far as the British effort is concerned, 
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the programme is confined to the release of rockets at nearly) 
vertical incidence. Preliminary launchings have started in 
Australia, and later they may be followed by similar releases here.) 

With regard to the satellites, we may soon have to answer the 
question, When does a rocket become a satellite? Clearly a! 
satellite is a body which moves in a prescribed orbit. It may or 
may not have been a rocket earlier because it contained some 
propulsive force. The I.G.Y. satellite programme was limited! 
to the United States and the U.S.S.R. Credit must be given to) 
the country which first demonstrated the possibility of placing 
a satellite in an orbit and seeing that it stayed there for, now, at 
least seven weeks. 

This opens up a whole new field of research, as we have seen 
to-day, quite apart from the original objective in launching the 
satellites. We should not lose sight of this objective, which is 
to explore, in more detail than is possible from the earth’s surface, 
the properties of the outer atmosphere; to measure the density, 
pressure, temperature and ionization, as well as the radiations 
from the sun of which we have no knowledge here, because 
they are absorbed in our atmosphere before they reach the earth’s 
surface. 

I do not know of anybody who has received anything which 
suggests what type of information is conveyed on the carrier 
waves with which we are so intimately concerned; but clearly 
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ere must be, either in the existing bodies or in some future 
dies, Some means whereby the results of the recording instru- 
ents are conveyed to the earth, since there seems to be no 
rtainty at present that the instruments or their records can be 
covered. 
In listening to the discussion, my first impression is that a 
ord of caution should be said about the interpretation of the 
sults. Many people are very experienced in measuring fre- 
1encies, and if they have the appropriate equipment they can 
» so to an extremely high order of accuracy. With the aid of 
at equipment, a number of deductions can be made about the 
sitions of the satellites. Other people are concerned with 
rectional measurements, and here again those who have had 
perience in measuring the direction of arrival of radio waves 
the horizontal or vertical plane will be aware of the difficulties 
1d of the precautions which have to be taken before it is possible 
talk about fractions of a degree. Even then it is necessary 
distinguish between the apparent direction of arrival of the 
aves and the real direction of their source. 
In this respect, since we are concerned with a body which is 
ther floating in and out of the ionosphere or rotating well 
yove it, we are concerned with what the ionosphere does to the 
io waves which are being transmitted through it or reflected 
om it. It seems to me that in one or two cases investigators 
we rather a naive idea of the simplicity of the ionosphere, 
«2h will not be shared by those who have been studying it for 
€ past thirty years. To quote an example, some speakers seem 
‘imply that they made their measurements on 40 Mc/s because 
& felt that those waves would not be affected in any way by 
e ionosphere; but we are at this moment at a period of maxi- 
um sunspot activity which is the highest that has ever been 
corded, and there can be no question whatever that we have 
' be very careful in assuming that 40 Mc/s waves are not 
fected in one way or another in transmission through the 
nosphere. Indeed, there is positive evidence from regular 


observations that waves on frequencies above 40 Mc/s are being 
transmitted across the Atlantic at the present time, and London 
television signals on frequencies of this order are being received 
at ranges of 4000-5000 miles. These effects are all due to the 
influence of the ionosphere on the propagation of the waves 
and caution is necessary in dealing with these frequencies. 

This applies also to the measurement of velocity. Although 
frequency can be measured with great accuracy, we do not know 
the speed of electromagnetic waves to better than about 3 parts 
in a million. This accuracy is for waves in free space. When it 
comes to transmitting them through the air under non-ionized 
conditions a correction has to be applied; and when it comes to 
transmitting them through the ionosphere, which is a doubly- 
refracting medium, great care is necessary in deducing a true 
value for the effective velocity. 

What does all this amount to? First, we have been given an 
unusual opportunity to carry out a new type of research with the 
aid of a transmitter which has been provided free of all cost to 
this country; a transmitter which is at a greater height than we 
have ever had before. We should be careful to use this oppor- 
tunity to the best advantage; but, when we make our radio 
measurements, we want to know where the source is. It would 
be preferable to have this position determined for us by a non- 
radio means, some means which astronomers should be able to 
provide in which they are not concerned with the troubles of the 
transmission of radio waves through the atmosphere and iono- 
sphere. But when we ask the astronomers, ‘Where is the 
rocket?’ they reply, ‘We do not know until you tell us where to 
look.’ They are far worse off than the people with the radar 
telescopes in that their angle of resolution is very much smaller. 
The point is this, that radio observation can be used in the first 
place as a putter-on for optical telescopes, and these should then 
be used to determine the orbit. We should then try to relate the 
radio observations with the known position of the satellite in 
its orbit. 
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(a) Sir Hugh Chance, M.A. 
(b) J. G. Docherty, D.Sc., A.M.I.C.E., M.I.Mech.E. 
(b) A. E. Evans, O.B.E., B.Sc., A.Inst.P. 
(a) Alderman G. B. Jones, M.B.E., A.M.I.C.E., F.R.I.C., J.P. 
(b) H. Wyn Jones, M.A., B.Sc. 
(a) D. R. Mackintosh, O.B.E., B.Sc. 
A. MacLennan, B.Sc. 
(b) Prof. R. A. C. Oliver, M.A., B.Ed., Ph.D. 
(a) Miss Anne Shaw, C.B.E., M.A., M.I.Prod.E. 
(b) E. W. Woodhead, M.A. 
(a) Member of National Advisory Council on Education for 
Industry and Commerce. 


(6) Member of National Advisory Council for Training and 
Supply of Teachers. 


SUMMARY OF THE REPORT 
The Committee was constituted in the autumn of 1956 with 
the following terms of reference: 
To consider in the light of the White Paper on Technical Educa- 
tion (published in February, 1956) the supply and training of full- 


time and part-time teachers for technical colleges, and to make 
recommendations. 


The main objectives of the White Paper may be summarized as: 


(a) An increase in the annual output of students from advanced 
courses, visualized mainly as full-time and sandwich courses, from 
the 1955-56 figure of 9500 to 15000. 

(6) An increase in the number of students attending part-time day 
courses during working hours from the 1955-56 figure of 355000 
to 700000. 

This programme of expansion is to be associated with a building 
plan for the technical colleges of which the last projects are to be 
commenced by 1960-61, and of which the cost, inclusive of 
laboratory equipment, is expected to be of the order of £100 
million. 

Expressed in terms of teaching work—student-hours—this 
represents an increase of roughly 50% over that of the 1955-56 
session. 

The Committee ascertained that in the latter session the 
colleges had about 11000 full-time teachers, not including the 
391 principals and vice-principals, and some 40000 part-time 
teachers. The number of full-time teachers had increased at an 
average rate of 770 per annum, and that of part-time teachers at 
about 2000 per annum, during the preceding three years. But 
although these had been encouraging rates of growth, they had 
not been adequate to deal effectively with the increase in student 
numbers, and a mere continuance of them would fall far short 
of satisfying the requirements of the situation anticipated in 
1960-61. 

The estimates of need up to this date to which the Committee 


Reprints of this account, together Wii * 
Applications for these reprints, but not for the Report itsel 


were led amount to 7000 additional full-time teachers of a 
grades, and 8000 additional part-time teachers, above tk 
1955-56 figures. The percentage increase in the number of ful’ f 
time teachers—some 64 %—is much greater than that of part-tim 
teachers—20 %—in consequence of the changing character of th 
colleges’ work in the direction of more full-time and sandwicl 
course work, and of an extension of part-time day as agains 
evening study, both of which—in the opinions of the college 
and the committee—can be handled most effectively by full-tim) 
staff, if this can be made available. Converted into annué) 
figures, this means that the number of full-time teachers in servic 
will need to increase over the five years in question at the rat 
of 1400 per year, as compared with the recent annual rate of mm 
A maintenance of the 1955—56 ratio between the contributions o 
full-time and part-time staff, on the other hand, would redu 
the need for additional serving full-time teachers to 5500 am 
the annual rate of increase required to 1 100. $ 

The question which follows from these data is: What do the: 
mean in terms of actual recruitment when account is taken of thi 
likely rates of death and retirement, and of wastage from thi, 
colleges to other kinds of employment? The evidence availabl 
suggested an annual loss rate of 6% of the number of servin; 
teachers, which, when applied to the increasing teacher strengtl! 
envisaged, means an average annual recruitment of full-time 
teachers over the 5-year period of 2300 or 1800 on the twa 
criteria stated above. These figures are to be compared with @ 
recruitment rate of 1300 during recent years. 

It was evident to the Committee that greatest difficulty way 
likely to be experienced in obtaining an adequate recruitment o/ 
well-qualified teachers of science and technology for professiona: 
courses at the intermediate and advanced levels. It therefor 
made a special study of this problem, and deduced that the 
recruitment of mathematics and science graduates will need te 
rise from the recent annual rate of 300 to a figure of 400 per year 
and of technology graduates from 150 to 360. Moreover, 
although outside the purview of the report, note must be taken 
of the considerable university expansion now in progress which 
seems likely to call for the recruitment of some 200 graduate 
scientists and 150 graduate technologists per annum during the 
next few years. ; 

Although the recent technical-college recruitment figure for 
mathematics and science graduates of 300 per year has been a 
gratifying achievement from the point of view of the colleges 
themselves, the fact that it has occurred mainly through transfers 
from the schools gives cause for serious anxiety. So far as 
technology graduates are concerned, the increased number 
required can come only from industry and appropriate Govern- 
ment Departments, since practical training and experience are 
essential for teachers of technology. 

It is evident that, for some time to come, industry must be 
willing to accept, and indeed to encourage and assist, the transfer 
to full-time teaching work of experienced staff members it can 
ill afford to lose, as the only means of ensuring a much augmented 
future supply of junior recruits of high quality. 


if 
y 
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'The Committee made no recommendations on salary scales, 
ace with the recent changes made by the Burnham Committee, 
sis open to local authorities—by using to the full their dis- 
‘etion in the grading of posts and in the awarding of increments 
2 first appointment for previous experience—to pay salaries to 
iil-time teachers which compare more favourably than is 
nerally supposed with those available in industry. But it found 
‘at transfer from industrial employment to full-time teaching 
mork is often hampered by pension considerations, and the 
mmmittee hoped that arrangements might be made for a 
aid-up policy to be granted to those who resign to take up 
ching, so that a pension would be due to them on their 
tual retirement. 
‘A considerable section of the report is devoted to a number 
* matters concerning the conditions of service in technical 
klleges on which the Committee feel that effective action by the 
ucation authorities and the colleges themselves is required if 
«vice in technical education is to be made adequately attractive 
1 men of high qualification and ability. These matters include: 
'e avoidance of excessive teaching loads; the more generous 
yovision of clerical, workshop and laboratory assistants; 
aproved opportunities for conducting research work, desirably 
; close collaboration with local industry, for periodic return to 
\dustry for further experience and for the carrying out of 
‘munerative consultative work. 
'Tse contribution of part-time teachers, particularly those in 
\custrial, commercial and Government employment, will con- 
inue to be of great importance in helping to maintain an essential 
yose contact between the colleges and the outside world, and to 
asure that the teaching takes proper account of day-to-day 
dustrial and commercial experience and of the latest develop- 
vents. With the rapid growth of day courses, their help during 
ie day-time, and not merely during the evening, will become 
creasingly necessary. 
| The extent of this need will be affected, of course, by the ability 

‘the colleges to recruit full-time staff, but the need will in any 
vent be large, and the report emphasizes that, unless employers 
re prepared to arrange on a greatly increased scale for suitable 
sembers of their staffs to teach part-time during the day, the 
blleges may find themselves unable to make the educational 
rovisions required. As a particular aspect of this help, the 
‘ommittee has recommended that carefully selected senior staff 
iembers of industry, commerce and Government Departments 
n0uld be brought into close and responsible association with 
ne academic activities of the colleges of advanced technology 
nad the regional colleges through part-time appointments carrying 
special status and title, as is common practice on the Continent 
ad in Russia. It visualizes that they would help, not only with 
»e advanced teaching work, but also with the formulation of 
cademic policy; that they might carry a title such as Special 
r Associate Lecturer or Reader and receive an appropriate 
onorarium. 

The report emphasizes the importance of a high quality of 
‘aching, and discusses the desirability and practicability of a 
irge-scale expansion of the facilities for technical-teacher 
‘aining. While recognizing that not all technical teachers need, 
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or would be willing, to undergo training, and that it would not 
be practicable in any case to insist on this under present circum- 
stances, the Committee feels that a greater number, particularly 
of those to be engaged in teaching at the less advanced levels, 
should be encouraged, and be afforded more generous financial 
incentives, to undertake it. 

The position in session 1955-56 was that, of the 11000 full- 
time technical teachers, about one-third had received teacher 
training, but of these the great majority were teachers of subjects 
other than technology who had been trained for service in schools, 
either in the university departments of education or the teacher 
training colleges. 

The facilities available for technical-teacher training specifically 
comprise colleges in Bolton and Huddersfield and the Garnett 
College in London, which together accommodate about 300 
students. An extension of these facilities, involving new buildings 
and residential accommodation to a capacity of 500, is recom- 
mended, this figure to be reviewed in two years’ time, when it is 
likely that a fourth college should then be established in the 
Midlands. 

The present course is pre-service and of a year’s duration, and 
it is suggested that, in supplementation of this, there should be 
introduced for teachers already in service a 3-term course, 
conceived as a whole but capable of being taken one term at a 
time at intervals of a year or more. It is recommended that on 
secondment for participation in the latter course, teachers should 
continue to receive full salary plus an allowance towards the 
additional cost of maintenance. The improved grants recom- 
mended for pre-service training are designed to reduce the 
disparity in financial circumstances which would otherwise 
exist between those who wish to train before beginning to teach 
and those who go direct into teaching posts and take in-service 
training at a later date. 

An associated proposal to the Minister is that a residential 
staff college should be established in which senior staff members 
of the colleges and representatives of industry, commerce, 
Government Departments and the universities and schools could 
live together for periods of a few weeks to discuss the aims, needs 
and methods of technical education in the light of experience and 
developments in these related fields. 

In view of the urgency attaching to publication of the report, 
the Committee was unable to give as much attention as it wished 
to many matters falling within its terms of reference, and it there- 
fore recommends the setting up of a permanent advisory com- 
mittee so that these matters can be pursued and the whole subject 
of technical teachers kept under continuous review. The task 
disclosed by the inquiry is a difficult one, but one which must be 
accomplished. Its accomplishment will require the forging of a 
much closer partnership between the technical colleges and 
industry than has yet been achieved, and in the opinion of the 
Committee: ‘There must come to be a much greater interchange 
of staff and ideas between them, and it must become a common- 
place for individuals to move from one domain to the other, 
and back again, or for them to be fully recognized members of 
both at one and the same time. For some years, industry must 
be prepared to lose more than it may appear to gain’. 


GROUP CHAIRMEN’S ADDRESSES 


NORTH-WESTERN RADIO AND TELECOMMUNICATION GROUP: CHAIRMAN’S ADDRESS € 
By K. J. BUTLER, Associate Member. 


°THE APPLICATION OF ELECTRONIC TECHNIQUES TO TEXTILES’ 4 
(Asstract of Address delivered at MANCHESTER, 9th October, 1957.) % 


The textile industry is still a basic industry of this country, 
and in Manchester—a city which has developed around its 
textile trade—16°4°% of the total working population is engaged 
in textile pursuits. 

Electronic techniques play an important part in the efficient 
production of modern textiles. In describing the way in which 
these techniques are applied, the subject has been divided as 
follows: 


(a) Electronic control applications of a conventional nature, in 
which no particular problems arise due to the physical properties of 
textile materials. 

(b) Electronic textile testing equipment. 

(c) Control applications involving parameters peculiar to textiles, 
resulting in the use of specially developed transducers. 


Conventional applications include level control of fibre in 
hopper, winding and reeling of yarns and fabrics, tension control 
during cloth-finishing processes, and edge alignment of fabrics 
during finishing. 

_ The quality of textile goods, particularly yarns, is still largely 
controlled by constantly testing samples taken at various stages 
in the manufacturing process. There are, as yet, few examples 
of electronic control devices installed as part of the manu- 
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facturing process to maintain a desired quality of product) 
However, electronic techniques have made a considerable contri 
bution to improved textile testing equipment, and the moder 
quality-control laboratory utilizes electronic instruments te 
measure the strength and thickness of fibres and yarns. Thi | 
regularity of yarn thickness and strength is of paramount impor» 


devices have been developed to measure regularity and to analysi ; 
irregularities. | 
Some properties of fabrics, such as ‘lustre’, ‘cover’ anc 
‘handle’, are not so readily assessed quantitatively, but electroniy © 
techniques have sometimes enabled a more reliable quantitative 
assessment to be achieved. | 
Historic and economic considerations often prevent the appli) 
cation of electronic automatic control to textile processes. I 
some of these cases, an alternative is to use electronic equipmen'|” 
to monitor the correct adjustment of existing machinery, anc) 
instruments have been developed for this purpose. sll 
Where large quantities of yarn or fabric are handled by one 
machine, we can justify automation. One example of this occurs, 
in the finishing of cloth, where a specially developed electre 
optical transducer is incorporated into a system controlling the 
correct alignment of the weft threads with respect to the warp!’ 
threads. 


Feb. 1958) 

NORTH-WESTERN MEASUREMENT AND CONTROL GROUP: CHAIRMAN’S ADDRESS i © 
By E. ROSCOE, J.P., Member. o 

“SPECIALIZATION IN EDUCATION AND INDUSTRY’ : 


(AsstRACT of Address delivered at MANCHESTER, 22nd October, 1957.) 


It appears to be appropriate for a Chairman of a Specialized 
Group to consider briefly the problem of specialization as it 
affects education, industry, and institutions such as ours. The 
problem of specialization has affected not only the electrical 
engineering industry, but many phases of society, e.g. the dis- 
tributive trades in large centres of population, where each shop 
now specializes in a particular line. The hospital of the days 
of Florence Nightingale is rapidly disappearing. Special hos- 
pitals are built to deal with a specific disease. Doctors specialize 
more and more, and the general practitioner is rapidly becoming 
a diagnostician who treats only minor ailments. 

Growth of Knowledge.—The designation ‘electrical’, ‘mechani- 
cal’ or ‘civil engineer’ is a fairly recent division, which only 
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broadly describes the sphere of his professional knowledge and 
skill. The depth and breadth of knowledge expands at such a 
pace that it is difficult to keep abreast of it even in a very limited 
field. This can be seen by the number of technical publications 
in all languages. It is a problem to find time to read enough of 
them to feel fully informed in one’s own field. 

Within their lifetime men like Colonel Crompton and Dr. 
Ferranti saw the electricity industry develop from the very | 
beginning into the highly specialized industry of to-day. It is” 
remarkable that a biography of Madame Curie and the book on 
Calder Hall should have been published within the short space 
of 20 years. He would be a brave man who attempted to fore- 
cast the effects of recent scientific discovery on society during 
the next generation, especially now that man-made satellites are 


| 


| 
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yculating round us. If the growth of knowledge continues at 
| present rate, more and more specialization appears to be 
evitable in industry, education and engineering institutions. 

\Education—A balanced educational system has a twofold 
jrpose: to teach the theory and practice of earning a living; and 
‘teach individuals about the business of living in a society. 

nc of the scope of modern knowledge, specialization will, 
id must, occur at some stage of schooling. I sometimes 
onder whether professional institutions as a body take enough 
serest in education at the primary and secondary levels. It is 
| this that a university education is built. At 11+ the child 
channelled, in the majority of cases, into one of three types of 
aool, which largely determines his future career. He must 
to a modern, a technical or a grammar school. At 15 years 
age the path diverges again to industry or to further educa- 
nal specialization. Again, at 18 or 19, when the student 
ves to the university, he selects one or two fields of study. At 
© age of 22 or 23 he may enter industry and find himself once 
ore facing the problem of deciding in which branch to specialize. 
am convinced that the channelling of children at the stage of 
i 11+ examination is much too early in life. A period, from 
© age of 12 to 18 years, could be more usefully employed in a 
»oader training than is given in any type of secondary school 
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to-day and in guiding young people in their choice of a career, 
Special study should commence after the age of 18, continuing 
for at least three or four years at a university. A post-graduate 
course in social studies should be added to a degree or Higher 
National Certificate, if we are to aim at a well-balanced educa- 
tional system. This might relieve some of the present tension in 
society. I believe that every engineer could benefit from a 
knowledge of the history of his profession and the lives of those 
who pioneered it. 

Industry.—Since specialists must work together in teams in 
industry and at the university, and pool and co-ordinate their 
knowledge, residential courses covering a few months might be 
held in further educational centres, where problems in human 
relationships as well as technical problems can be dealt with. 
Part of the manager’s duties is that of functioning specialist, 
especially where the work consists of scientific research and 
development, and to a lesser degree, the application of science 
to industry. 

There is a danger that, if engineers do not give some thought 
to these and other related problems, the administrative side of 
the electrical engineering industry may pass into the hands of 
people who have not an engineering background and the engineer 
become merely a specialist in some branch of his profession. 


Mr. J. A. Golder (at Chester): As a progression from their 
arks on control analysis by analogue-computation methods, 
‘il the authors comment on the use of oscillators as a means of 
ertaining the dynamic characteristics of a reactor? Can an 
1alogy be drawn between reactor oscillators and harmonic 
jalysers as employed for the determination of the control 
,aracteristics of chemical plant? 

| Does the effect of the continual growth of fission products in a 
actor progressively decrease the reactivity of the system, or do 
me of the fission products contribute reactivity ? 

Mr. W. G. Proctor (at Manchester): In Section 5 the authors 
rention the 2-group theory of neutron emission for a nuclear 
ctor, but advise caution in the interpretation of results based 
a it. I recently investigated the servo problem involved in 
yntrolling a swimming-pool type of reactor under constant- 
»wer conditions. At the early stages of such an investigation, 
‘act values of the transfer functions of the controlling elements 
‘nnot be known and some simplification is necessary. On the 
Jsumption of 2-group theory of neutron emission, eqns. (13) 
lid (14) can be linearized by the substitutions n = mo + én and 
=i9 + Or, where mp and ro are the neutron population and 
ncentration of precursors at a given reactor power level and 
« and Sr are small variations about this point. This removes 
‘© non-linearity on the right-hand side of eqn. (13) inherent in 
\K —1), since (K — 1) may be a function of time. The 
uations can now be manipulated using the Laplace transform 
) “ye a transfer function usable for constant-power conditions. 
a wide variety of control problems this reduces to a function 
( the form ‘proportional plus integral’. This is a very great 
“plification on the original kinetic equations. Do the authors 
«ee that, for such investigations, a 2-group theory is adequate, 
* would it be advisable to use a 3-group theory? 
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DISCUSSION ON 
‘THE CONTROL OF NUCLEAR REACTORS’* 


bfore the MERSEY AND NoRTH WALES CENTRE at CHESTER 10th December, 1956, the NORTH-WESTERN MEASUREMENT AND CONTROL GROUP 
at MANCHESTER 15th January, and the SOUTHERN CENTRE at PORTSMOUTH 3rd April, 1957. 


It is stated in Section 3.4 that a 25% safety margin is adequate 
for the invested reactivity of a control rod. The use of a safety 
margin would indicate that there is some uncertainty in the 
measurement of the leakage reactivity. How accurately can 
such a term be predicted ? 

Mr. M. W. Jervis (at Manchester): When running at nominally 
constant power, some reactors exhibit fluctuations in the neutron 
flux, commonly referred to as ‘noise’. The amount of noise and 
its frequency distribution affect the design of a servo system 
intended to keep the flux constant. Will the authors give some 
details of the origin and nature of this noise in reactors? 

The authors mention period trips used to shut down the 
reactor in the event of excessively short period. These are 
presumably positive periods, but reactors have been described 
which are fitted with negative period trips. What is the opinion 
of the authors on the desirability of such trips and in what 
circumstances might they be useful? 

New boron- and cadmium-loaded scintillation-counter phos- 
phors have recently become available, and it is claimed that they 
are particularly sensitive to neutrons. Are these likely to make 
the use of scintillation counters in reactor instrumentation any 
more attractive ? 

Mr. R. E. B. Dawson (at Manchester): References have been 
made from time to time, in papers on reactor control and 
instrumentation, to the use of compensated ionization chambers 
for flux-measuring circuits. In view of the advantages such a 
chamber would appear to have, for use in the high residual 
y-activity resulting from large pressure vessels, I should be 
interested to learn the present position with regard to their 
development in this country. 

When considering the safety philosophy applied to power 
reactors it is important to remember that reliability of supply is 
of prime importance. This means that the safety circuits should 
be arranged so as to avoid inadvertent shut-down of the reactor 
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due to faults on the protective equipment itself. One method 
of doing this employs a ‘two out of three’ system for the complete 
safety circuit. This differs from the method employed at Calder 
Hall, for instance, where ‘two out of three’ protection is employed 
on individual protective circuits only. As an example, it is 
possible to have a shut-down at Calder Hall during the start-up 
period by maloperation of the period trips, any one of which 
can cause shut-down. Ina reactor designed primarily for power 
production, this could cause considerable delay in putting the 
station on load and is extremely undesirable. Will the authors 
comment on this? 

Finally, it is mentioned in the paper that the shut-down 
cooling should be driven from ‘a guaranteed supply of the utmost 
reliability’. What constitutes such a supply? Do the authors 
contemplate large-capacity batteries, or would generator sets 
equipped with flywheels of the no-break type be satisfactory ? 

Mr. W. J. A. Wills (at Portsmouth): Will the authors enlarge 
on the instrumentation necessary to measure the power level of 
areactor? I understand that this is accomplished by measuring 
the neutron loss outside the reactor. What precautions, if any, 
are necessary in siting the instruments to obtain accurate 
measurements ? 

Mr. O. Nourse (at Portsmouth): What is the reason for the 
rather unexpected negative temperature coefficient of reactivity 
in nuclear reactors? Is this designed to be so or is it fortuitous, 
since a positive temperature coefficient would make reactors run 
away very easily? 

Mr. T. J. Wilkinson (at Portsmouth): Can xenon poisoning 
lead to reactor instability, either by increasing as the power is 
reduced, thus tending to reduce the power further, or vice 
versa ? 

Mr. J. H. Bowen also contributed to the discussion at Man- 
chester, and Mr. P. Andrews to that at Portsmouth. 

Messrs. R. J. Cox and J. Walker (in reply): Reactor oscillators 
have long been used as a method of measuring the nuclear 
characteristics of samples of different materials. Their modern 
counterpart (which we prefer to call ‘reactor transfer-function 
analysers’) are used, as Mr. Golder states, to determine the 
dynamic characteristics of reactors. They are closely analogous 
to the harmonic analysers used in chemical-plant control studies. 
In one form of the equipment some fuel or an absorber is moved 
to produce a sinusoidal modulation of reactivity. The ‘in-phase’ 
and ‘quadrature’ components of the resultant neutron-flux 
modulation are measured. This can provide data on the 
temperature coefficients of reactivity and, at the higher fre- 
quencies, on the delayed neutron fractions. By measuring the 
modulation of temperature at appropriate points data can 
be obtained on heat-transfer characteristics. Exploitation of 
these techniques is only just starting, but we expect them 
to be used extensively in the development of nuclear power 
stations. 

What happens to the reactivity of a reactor as time proceeds 
depends very much on the type of fuel used and on the reactor 
design. All atoms produced by the fission of fissile material are 
neutron absorbers, so we would expect the reactivity to decrease 
progressively. However, when natural uranium is used as a 
fuel, some of the uranium 238 is transmuted by neutron reactions 
to higher nuclides, some of which (e.g. plutonium 239) are 
themselves fissile. In most natural-uranium reactors the 
reactivity initially rises and then decays, the time scale being very 
dependent on the reactor design. 

We are interested in Mr. Proctor’s method of producing a 
2-group simplification of the reactor-kinetic equations. For the 
purpose intended, where small-amplitude excursions are con- 
sidered, it is probably a very satisfactory system. However, it 
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is difficult to foresee its limitations without studying the metho b 
in some detail. 

Most reactor designs are far too complex to allow rigorou tc 
mathematical analysis. Some simplified models must be usec|: 
and these calculations are supplemented by experiments Ol” 
simplified physical models. The safety margin allowed in thal 
design of control rods reflects mainly the degree of simplificatior|: 
used in the models. i 

Mr. Jervis raises the question of reactor noise. One contribu in 
tion to noise is due to a statistical fluctuation in the asta 
population of a reactor which arises mainly from a statistica) 
variation in the number of neutrons produced per fission. It 
most high-power reactors the main contribution is due to thi « 
random variations in the number of neutrons detected in thi » 
ionization chamber. Both of these sources are purely randon). 
in nature and therefore relatively straightforward to calculate 
but some reactors can exhibit fluctuations in power level arising) 
from purely mechanical causes, e.g. the rattling of fuel element: ! 
or the bending of control elements through the flow of coolant), 
These fluctuations are difficult to calculate and, of course, nevei © 
produce ‘white’ noise. ! 

Negative period trips have been used on some research 
reactors, but they are usually provided for protection agains © 
failure of experimental equipment. For instance, flooding of ar 
experimental ‘thimble’ with light water could be dangerous anc 
its first indication would be a sudden drop in reactivity of the | 
reactor. il 

We have used neutron-sensitive scintillation counters in low: 
power fast reactors to provide a high sensitivity in a smal) 
volume. In thermal reactors, where neutron cross-sections are - 
much larger, they are most unattractive compared with boron: 
coated ion chambers, because of their inherent short irradiatior 
life, sensitivity to y-radiation and to temperature and the effect: 
of induced activities. 

Mr. Dawson will be pleased to hear that we have a number | 
designs of y-compensated ionization chambers which provide ; eb 
compensation factor of about 30, but we have found a need foi!” 
them only in the swimming-pool type of reactor. In the Calde 
Hall type of power reactor the use of a graphite ‘thermal column} 
plus lead shielding provides a much better solution. e 

It would, of course, be more logical to provide a ‘two-out-of: 
three’ system for all the instrumentation at Calder Hall, but the, 
start-up equipment is used for only a few hours at very infrequent), 
intervals, so the chance of a spurious shut-down due to bi 
equipment is quite small. 

The degree of reliability required from a guaranteed supply is’ 
directly related to the consequences of its failure, so each cast 
must be considered on its merits. 

Using neutron-flux measurements as a measure of reactol) 
power as described by Mr. Willis is the usual practice, but if) 
ignores the heat due to fission-product decay, and the readings | 
themselves change with changes in neutron flux distribution!’ 
They cannot give accurate readings of power level, but dc i 
provide a method of controlling the neutron fission process. 

In reply to Mr. Nourse we would point out that the negative - 
temperature coefficient is partly due to the fact that material: 
expand when temperatures increase, so making the reactor les! 
compact and therefore less reactive. However, there are 2 
number of phenomena involved and a positive temperature 
coefficient is possible, although such reactors are not usually 
built because of their inherent instability. i 

Mr. Wilkinson is quite correct in describing xenon poisoning. 
as a destabilizing influence, and instability is theoretically 
possible; but the power level necessary for it to occur is muct 
higher than that of any reactor yet built in this country. 
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SUMMARY 


rhe function of the control unit of an electronic digital computer is 
wprovide the sequences of pulses, which, when applied to the store, 
‘hmetic unit and other units of the machine, cause the orders of the 
gramme to be executed. The paper discusses a number of related 
ys in which a systematic and flexible design for a control unit may 
cachieved. In one group of systems the order code is determined 
ithe arrangement of diodes in a diode matrix, and in another by the 
wropriate threading of wires through a matrix of ferrite cores. The 
it part of the paper is concerned with logical design, and the second 
‘t with the practical design of a system using a ferrite matrix. 


(1) INTRODUCTION 


The paper is concerned with the design of the control or 
juencing unit of an electronic digital computer. The work 
scribed has been done in connection with the design of a 
allel binary machine (Edsac 2)!.? in which both orders and 
mbers are placed in the same store. Orders are of the single- 
tess type, and are executed one after the other, in the sequence 
hich they stand in the store, except when the sequence is 
ken by a transfer of control, which may be either conditional 
junconditional. Most of the discussion is, however, equally 
plicable to the design of control units for machines of other 
ves. 

The execution of an order usually involves more than one step. 
fr example, during an addition, the first step is to form the sum 
the number to be added (the incident number) and the number 
ady standing in the accumulator (the resident number), and 
-second step is to transfer this sum to the accumulator, where 
yeplaces the number originally there. In this case the steps to 
‘carried out are known in advance, and are the same for all 
ditions. In the case of multiplication, however, the steps to 
scarried out depend on the digits in the multiplier; these digits 
- examined one by one and, if the particular digit being 
mined is found to be a ‘1’, the multiplicand is added to the 
mber in the accumulator (this requires two steps as before), 
: number in the accumulator is shifted one place to the right, 
d the next digit of the multiplier is examined. If the digit is 
and to be a ‘0’, the number in the accumulator is shifted 
\hout the addition of the multiplicand taking place. 

in a parallel machine, each step required for the execution of 
, order is accomplished by the application of a pulse to a set 
‘gates; it is the function of the control unit of the machine to 
oduce the sequences of pulses necessary for this purpose. | In 
ny machines the design of the control unit has been arrived 
*h, semi-empirical methods, and the resulting circuits, however 
ciive they may be, are complex and non-systematic, and 
uid require considerable alteration if any appreciable change 
we to be made in the order code of the machine. The object 
the work described here was to develop a design for a control 
i which would be simple in overall structure, and would 
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be applicable whatever the order code of the machine might be. 
The underlying principles were first discussed briefly at a Con- 
ference at Manchester University in 19513 and described in more 
detail in a paper published in 1953.4 At that time it was thought 
that diode matrices would be used for generating the pulses, and 
that alteration of the order code would involve repositioning of 
the diodes in the matrices. As will be explained in more detail 
in the following Sections, later developments have led to the use 
of matrices of ferrite cores; these are threaded with wires accord- 
ing to the order code required, and any change in the order code 
requires partial rethreading. 

There is a certain analogy between the way in which the 
machine performs the individual steps required for the execution 
of an order, and the way in which it performs the individual 
orders required for the execution of a programme. This sug- 
gested the term ‘micro-programme’ for the former. Similarly, 
the term ‘micro-programming’ was suggested for the process of 
drawing up the description of the steps from which the wiring 
diagrams for the diode or ferrite matrices are prepared. When 
these terms were first used in this connection, they were thought 
of as applying to machines in which the matrices were wired 
permanently so that micro-programming was nothing more than 
a method of designing the control unit of a machine. The 
terms have, however, been applied elsewhere to describe a system 
in which the order code of a machine is not permanently wired 
in, but can be set up by the programmer to have any form he 
chooses. The possibility of doing this was considered briefly 
in Reference 4, but it did not at that time appear that there 
would be a very strong demand among machine users for such a 
facility. Since the design of the control circuits of the machine 
is the province of the design engineer, the use of the term 
‘micro-programming’ in this connection has proved misleading; 
for this reason, and because of the ambiguity just referred to, 
the term will not be used in the present paper. 


(2) LOGICAL DESIGN 
(2.1) Diode Matrices 


Fig. 1 shows a simple form of control system using diode 
matrices. The register R controls a decoding tree which may be 
thought of as a multi-outlet switch. An input pulse is routed to 
the particular outlet line that corresponds to the number standing 
in the register. The outlet leads pass from the tree into two 
diode matrices, Aand B. The outputs of matrix A are connected 
to the various transfer gates in the arithmetic unit and elsewhere 
in the machine. The outputs of matrix B are connected through 
delay networks to the register R, and cause the number standing 
therein to be changed in readiness for the passage of the next 
input pulse into the decoding tree. The configuration of diodes 
in matrix B thus determines the sequence in which pulses appear 
on the outlet leads of the decoding tree, and hence the sequence 
in which the various transfer gates throughout the machine are 
supplied with pulses. As so far described, the outlet leads of the 
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Fig. 1.—A control system using diode matrices. 


decoding tree receive pulses in a fixed order. To make it possible 
to deal with operations in which certain of the steps are con- 
ditional, some of the outlet leads from the decoding tree are made 
to branch before passing into matrix B, one such branch being 
shown in Fig. 1. These branches are controlled by flip-flops in 
the arithmetic unit, or elsewhere, in such a way that the pulse 
from the decoding tree passes into one branch if the associated 
flip-flop contains a ‘1’, and into the other branch if the associated 
flip-flop contains a ‘0’. Since the outputs from matrix B control 
the setting of the register R, it will be seen that the number which 
becomes set up on this register—and hence the next outlet lead of 
the decoding tree to receive a pulse—depends on the setting of the 
flip-flop. In the case of multiplication, the flip-flop concerned 
may be that containing the particular digit of the multiplier due 
to be sensed. In the analogy between the outlets of the decoding 
tree and orders in a programme, an outlet which branches before 
passing into matrix B corresponds to an order calling for a con- 
ditional transfer of control. If the outlet is made to branch 
before passing into matrix A, then the nature of the operation 
performed, as well as the sequence of operations, is conditional 
on the state of the flip-flop controlling the branch. 

In addition to arithmetic registers, a digital computer must be 
provided with certain control registers, namely a register for 
holding the address of the order due to be executed after the 
execution of the current order, and a register in which a counting 
number can be held during the operations of multiplication, 
shifting, etc.; in addition, there may be one or more B-registers 
used for the automatic modification of instructions. The transfer 
gates controlling all these registers and their associated adder. or 
adders can be operated by output pulses from matrix A in a 
manner similar to that in which transfer gates in the arithmetic 
unit are operated. In fact, the operation of the entire machine, 
including that of the store, can be brought under the control of a 
system such as that shown in Fig. 1. Both the extraction of an 
order from the store and the execution of that order can be 
included. 

Once the sequence of operations required for the execution of 
a particular order has been initiated, the individual operations 
follow each other according to the configuration of diodes in 
matrix B. The correct sequence for a particular order is initiated 
by routing the function digits of the order (i.e. the digits which 
specify the operation called for by the order) to register R, where 
they occupy, say, the five or six least significant positions, the 
remaining positions having ‘0’, transferred into them. When 
the register R has been set in this way, a pulse entering the 
decoding tree is routed to an outlet determined solely by the 
function digits of the order, and it is arranged that this outlet 
corresponds to the first of the sequence of operations called for 
by the order. It will be seen that no separate decoding tree is 
required for decoding the function digits of the order, nor is a 
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An arrangement differing slightly from that of Fig. 1 is shoy 
in Fig. 2. Here the outputs of matrix B are connected | 
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Fig. 2.—A modified version of the scheme shown in Fig. 1. ks 


register S, and the number which becomes set up on this regist bs 
is later transferred to register R by the action of a pulse J, applic: 
in parallel to a set of gates connecting the two registers. © | 
must occur after a suitable time interval from the application | 
the input pulse J, to the decoding tree, and sufficiently in advani. 
of the next pulse to be applied to the decoding tree. : 

Both systems so far described include provision for buff, 
storage for the number which eventually becomes set up : 
register R; in the system shown in Fig. 1 this buffer storage’ 
provided by means of a set of delay units, and in the system show, 
in Fig. 2 by means of a separate register. The provision of buffi) 


ing of any system in which a number set up in a register durir; 
one step must be replaced by a new number before the next ste 
can take place. In the system shown in Fig. 3, however, th 
necessity for buffer storage is avoided, and this system is, ther 
fore, theoretically capable of a higher speed of operation. Th) 
decoding tree is divided into two parts, each providing half th 
original number of outlets. There is a single A-matrix, joint} 
controlled by the two decoding trees, but two separate B-matrici 
are provided, one for each decoding tree; the outputs of or 
B-matrix are used to control the register of the decoding tri) 
feeding the other B-matrix, and vice versa. During operatio; 
pulses are applied alternately to the inputs of the two decodir 
trees. The advantage of faster operation with this system is 1 
some extent offset by the loss of flexibility resulting from the fa’ 
that the steps needed to execute an order must be divided equal 
between the two halves of the system. 


(2.2) Ferrite Matrices 


Diode matrices can be used economically in the control unit ¢ 
a machine with a relatively simple order code, but if the ord 
code becomes elaborate, including, for example, orders for floa 
ing binary or floating decimal operation, the number of diod 
required becomes inconveniently large. Accordingly, a syste 
using matrices of ferrite cores with coincident-current selectic 
has been developed. 

A diagram showing the principle of operation of the syste 
is given in Fig. 4. For simplicity, a 3 x 3 matrix only 
shown. The matrix is controlled by two registers, X and 7 
consisting of flip-flops; these flip-flops are connected throus 
gates to driving valves, which are in turn connected to the ro 
and column circuits of the matrix. In the diagram, the row at 
column circuits are shown as though they consisted of straig 
wires passing through the cores, although in practice they a 
more likely to consist of multi-turn windings connected in serie 
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| addition to the coils forming part of the row and column 
cenits, the cores carry bias windings which are connected in 
(ries, and through which a steady current is passed. The bias 
ndings are not shown in the diagram. In the experimental 
trices 8mm ferrite cores have been used. 
‘Normally only one flip-flop in the X-register and one in the 
register are set, the others being in the reset condition; no 
rrent passes through the row and column circuits, and all cores 
f magnetized to saturation in the (say) negative direction. 
hen a drive pulse is applied to the input shown in the diagram, 
© gates connecting the flip-flops with the driving valves are 
ened, and current passes through one of the row circuits and 
ue of the column circuits. These currents are of such magnitude 
fat their combined effect is sufficient to reverse the direction of 
@gnetization of the core standing at the intersection of the 
‘lected row and column, but insufficient to reverse the magnetiza- 
yn of other cores on the same row andcolumn. At the termina- 
»n of the drive pulse, the selected core returns to its original 
ite of magnetization. 
‘Two independent sets of wires are threaded through the cores 
;cording to the requirements of the order code of the machine. 
‘hen a core of the matrix is switched by the application of the 
‘ive pulse, an electromotive force is induced in all the wires 
issing through that core, and when the core returns to its 
srmal state an e.m.f. of opposite polarity is induced. One end 
each wire is earthed, and the other is connected to a non-linear 
aplifying circuit, so designed that an output corresponding to 
e second of these two induced e.m.f.’s only is obtained. One 
‘the two sets of wires threaded through the cores corresponds to 
atrix A of Fig. 2, and the outputs from these wires are used to 
erate transfer gates in the arithmetic unit and in various other 
ts of the machine. 
The second set of wires corresponds to matrix B, and the 
itauts from these wires are connected to the set or reset inputs 
‘ive flip-flops in the X- and Y-registers. The wires are threaded 
rough the cores in such a way that, when any particular core 
turns to normal after having been selected, it causes the two 
»-flops, one in register X and one in register Y, which were 
ig nally in the set condition to be reset, and two other flip-flops 
be set. The application of a succession of drive pulses thus 
ues a succession of cores in the matrix to be switched in a 
ecribed order. If the selection of one core is to be followed 


Fig. 3.—An alternative control system using diode matrices. 


REGISTER Y 


Fig. 4.—A control system using a ferrite matrix. 
The bias winding and the output windings threading the cores are omitted. 


by the selection of another core in the same row or column, the 
corresponding flip-flop in the Y- or X-register may remain set 
throughout. It will be observed that, since use is made of the 
output obtained from a core when it returns to its original condi- 
tion (rather than the output obtained when it is selected), it is 
not necessary to provide buffer storage for the numbers to be set 
up on the X- and Y-registers. Storage is logically necessary, 
but it is, in fact, provided by the selected core itself. 

It will be seen that the registers X and Y perform a function 
similar to that performed by register R in Fig. 1. It has been 
pointed out, however, that, at any given time, no more than one 
flip-flop of each of the registers X and Y is in a set condition, 
the others being in the reset condition; thus, 2mm flip-flops are 
required to control m* cores in a square matrix, compared with 
the n flip-flops required to control the 2” outputs of the decoding 
tree of Fig. 1. 

For reasons explained earlier, it is necessary that some of the 
steps in the operation of the control unit should be dependent 
on information supplied from outside that unit. This is made 
possible by locating two cores, instead of one, at some of the 
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intersections of the matrix. Each of these cores has an extra 
winding in addition to the three previously mentioned. At any 
given time, a current flows through the extra winding on one 
of the cores, and this is sufficient, in conjunction with the 
current flowing through the normal bias winding, to prevent the 
core from being switched even when the intersection containing 
it is selected. The matrix behaves, therefore, as if only the other 
core were present at the intersection. Thus the action which 
takes place when an intersection with two cores is selected is 
dependent on which core is biased off. In Fig. 4 one intersection 
with two cores is shown, and the action which takes place is 
dependent on the setting of the flip-flop controlling the currents 
passing through the extra windings. 

It is possible to locate more than two cores at an intersection 
and obtain a multi-way conditional action; for example, four 
cores, each with two windings in addition to the three ordinarily 
required, can be used to provide a four-way conditional action, 
controlled by the settings of two flip-flops. Any flip-flop, or 
pair of flip-flops, in the machine may be connected to control any 
conditional intersection. Where it is possible, however, economy 
in driving valves may be secured by connecting the conditional 
windings on cores at a number of intersections in series, and using 
the same flip-flop to control them. The controlling flip-flops 
may either be flip-flops existing in the registers of the machine, 
or special flip-flops, introduced for the purpose and set, as 
appropriate, through gates operated by outputs of the control 
matrix. 

An alternative way of obtaining conditional action is illustrated 
in Fig. 5. One or more of the rows of the matrix is made double, 


Fig. 5.—An alternative system for obtaining conditional action. 


and the branch which receives a pulse when the drive pulse is 
applied (assuming that the relevant flip-flop of register Y is set) 
is determined by the setting of a flip-flop. If more than two 
branches are provided, multi-way conditional action may be 
obtained. Conditional action at more than one intersection on 
the same row, and controlled by the same flip-flop, may be con- 
veniently provided in this system, but if it is required to control 
independently a large number of intersections the provision of 
complicated switching circuits becomes necessary. 

The basic scheme shown in Fig. 4 may be modified by using 
magnetic cores instead of flip-flops in the X- and Y-registers. A 
diagram of one stage of a register using magnetic cores is 
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Fig. 6.—One stage of an X-"or Y-register composed of magnetic cores, 


DRIVE PULSE 


shown in Fig. 6. At any given time all the cores, except one. 
in each register, are magnetized in a certain direction and will be 
said to be in the reset condition. The remaining cores are 
magnetized in the opposite direction, and will be said to be set. 
The reset windings of all the cores in both registers are connecte 
in series, and the application of the drive pulse causes a current 
to pass through the circuit so formed. This causes the cores 
which are in the set condition to be reset, and pulses to be supplied 
to the valves driving one of the rows and one of the columns of 
the matrix, with the result that a selected core is switched. This 
core is threaded by a pair of B-wires and, when it returns to: 
normal, pulses induced in these B-wires cause one of the cores in 
the X-register and one in the Y-register to be set ready for the 
next operation. It will be noticed that positive feedback is 
applied to the setting valve associated with each core. J 

Either method of providing conditional action can be used: 
with the scheme of Fig. 6, but the second has the advantage that. 
the flip-flop, and the associated switching circuits controlling the’ 
conditional action, can be replaced by magnetic cores. The 
scheme shown in Fig. 6 is due to Mr. C. H. Lindsay, who has 
demonstrated a control system based on it. ; 

In the systems based on diode matrices described earlier, it 
was possible to avoid the use of special equipment for decoding: 
the function digits of the order, by placing the function digits: 
themselves in the register R at the beginning of the operation. 
This is not possible when ferrite matrices are used, and the: 
provision of some special decoding equipment is essential. 
Perhaps the most straightforward method would be to provide 
circuits which would cause the appropriate flip-flops (or cores) 
in the X- and Y-registers to be set according to the proper 
starting point for each order. Later in the paper a system is 
described in which part of the decoding is performed in a special 
section of the control matrix itself. 

There are a variety of alternative coincident-current selection 
systems which may be used for the control matrix. Some of 
these depend on coincidence between currents in three or more 
windings, and lead to economy in the number of flip-flops and 
driving valves, but have the disadvantage of requiring more 
windings on each core. They have the further disadvantage that, 
with a given number of cores in the matrix, each driving valve 
must supply current to more windings in series. Since the 
number of windings which can be thus driven is the factor which 
ultimately determines the maximum size of a matrix, it follows 
that such systems do not lend themselves so well to the use of 
large matrices as the system described earlier. An interesting 
scheme depending on twofold coincidence only is shown in 
Fig. 7. Here a triangular matrix of 10 cores is controlled by a 
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Fig. 7.—A triangular control matrix. 


jgister of five flip-flops, two of which are set at any given time. 
ye scheme can obviously be extended to larger matrices and, as 
wapared with that using a square matrix, results in an economy 
! flip-flops and driving valves. It does, however, suffer from 
i disadvantage just mentioned of requiring a relatively large 
uber of windings to be driven in series, and would not therefore 
» 88 suited to the construction of a large system as a scheme 
ised on a square matrix. 


(3) LAYOUT OF LARGE MATRICES 


Experience has shown that matrices containing up to at least 
i rows and columns are quite practicable (see Section 5.2). If 
ie scheme of Fig. 4 is used, however, some attention must be 
en to the layout of the cores. A geometrical arrangement of 
je cores on the lines of that shown in the Figure, in which one, 
‘0 or four cores are placed at each intersection, cannot be 
nployed very conveniently for the construction of an actual 
jatrix. An alternative system will therefore be described in 
inich the cores lie physically at the intersections of a rectangular 
‘id, but are connected electrically in a manner which corresponds 
‘that shown in Fig. 4. 

|The matrix may be regarded as being formed of a number of 
ib-matrices, each containing 16 cores; there are two types of 
‘b-matrix, A and B, and they are arranged in a chessboard 
attern. Fig. 8 shows the wiring of the two types of sub- 
iatrix (omitting bias and conditional windings), and Table 1 
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wows how 32 of each type may be used to form a matrix with 
2 rows and 32 columns. It is to be understood that where the 
dee of one sub-matrix abuts on the edge of an adjacent sub- 
is.zix, the four wires emerging from one sub-matrix are con- 
2c/ed to the four wires entering the other. If the wires passing 
ora left to right and from top to bottom through the arrange- 
vent of sub-matrices shown in Table 1 are traced it will be found 
ia’ the entire arrangement is equivalent to a matrix of straight 
tes having four cores at 64 of its intersections, two cores at 
28 of its intersections, and one core at 512 of its intersections; 
462 are no cores at the remaining 320 intersections. The fact 
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(b) 
Fig. 8.—Sub-matrices, 
(a) Type A. (6) Type B. 


that there are no cores at some intersections means that certain 
otherwise valid settings of the X- and Y-registers do not corre- 
spond to steps in the control sequence; on the other hand, the 
number of windings connected in series is the same for each row 
and for each column, and, moreover, the three types of inter- 
section are distributed uniformly with respect to the rows and 
columns. If a number of intersections smaller than that pro- 
vided by the arrangement of Table 1 is sufficient for a particular 
application, one or more of the rows or columns of sub-matrices 
may be omitted. The resulting matrix will still have the same 
number of cores on all rows and on all columns, although the 
distribution of the various types of intersection may no longer 
be uniform. 

If the scheme of Fig. 5 is used, a proportion of single, two-way 
and four-way intersections similar to that provided by the 
arrangement just described may be obtained in the manner shown 
in Fig. 9. The arrangement there shown may be regarded as 
consisting of a matrix with 11 rows of 16 columns; the top row 
is split into four branches, the next two rows each into two 
branches, and the last 8 rows remain single. There are thus 
16 four-way intersections and 128 single intersections. These 
are the same numbers as would be provided by a matrix of 
16 rows and columns composed of A and B sub-matrices in the 
way described above. The scheme of Fig. 9 suffers, however, 
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Fig. 9.—Possible arrangement of cores using the system shown 
in Fig. 5 


from the disadvantage that all the multiple intersections must be 
brought under the control of not more than four flip-flops. 


(4) FUNCTION DECODING 


It has already been mentioned that special arrangements are 
necessary to ensure that the correct intersection is selected at 
the beginning of each order. It would be possible, though not 
very convenient, to make use for this purpose of a sequence of 
four-way conditional intersections, controlled by flip-flops on 
which the function digits are set up. Another method would be 
to rely on the use of decoding circuits based on the use of diodes 
for setting the correct flip-flops in the X- and Y-registers. Many 
schemes based partly on the use of diodes and partly on the use 
of cores are possible. The one described below was devised for 
a machine in which seven function digits are contained in each 
order. 

The seven function digits are decoded in two stages. The first 
stage is performed in an ordinary four-way conditional inter- 
section in the control matrix; this intersection, which is controlled 
by flip-flops on which the first two function digits of the order 
are set up, is selected at the beginning of the execution of any 
order. The second stage takes place in a special section of the 
control matrix containing four columns each with 32 cores. 
These cores each have two conditional windings, but no row 
windings, double the usual current being passed through the 
column winding when a particular column is selected. The con- 
ditional windings are connected to driving valves controlled by 
the outlets of two conventional diode decoding trees, one of which 
is fed with the third, fourth and fifth function digits, and the 
other with the sixth and seventh function digits. The connec- 
tions are shown diagrammatically in Fig. 10. 

When one of the four cores at the four-way intersection in the 
main part of the control matrix is selected at the beginning of the 
execution of an order, a pulse induced in a B-wire threading it 
causes the flip-flop controlling one of the columns of the decoding 
section of the matrix to be set. When the next drive pulse is 
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Fig. 10.—Function decoder. 


applied, one of the 32 cores on that column is switched, according 
to the values of the five function digits feeding the decoding trees. 
The switching of this core causes the first step in the execution of 
the order to be performed, and initiates the performance of 
subsequent steps in the usual manner. 


(5) ENGINEERING DESIGN 


The satisfactory operation of the scheme of Fig. 4 requires 
(a) that the voltage induced in an output wire when a core is 
returned to its normal condition by the bias current, after havins 
been selected, should be greater than a certain minimum value 
and (b) that the break-through voltage, induced in an outpu 
winding when a core which has been disturbed by one driv 
current only is returned to normal, should be less than a certait 
maximum value. The magnitude of the break-through voltagi 
determines the maximum number of cores on the same row 0 
column which can be threaded by a given output winding. Th 
operating conditions should be chosen so as to make th 
tolerances on the drive current, Jp, and the bias current, Jp, a 
large as possible. 


(5.1) The Practical Design of Ferrite Matrices 


It has been found experimentally that when a rectangular-loo 
ferrite core is fully switched by a current pulse, the maximur 


te of change of flux (or peak output voltage) increases with the 
plied magnetomotive force. As a corollary to this, since the 
‘ux change in the core is constant, the switching time decreases 
vith the applied m.m.f. 

' The m.m.f. in a selected core operating in the matrix of Fig. 4 
$ proportional to the sum of the row and column drive currents 
ess the bias current, and is thus obviously a minimum when 
oth drive currents are at the low extreme of their tolerance 
ge and the bias current is high. Under these conditions, if 
and q are the fractional tolerances permissible in drive and bias 
urrents respectively, we must have 


2p — p) — Ip(1 +.) > Is 


vhere I; is the current required to switch the core in a time 
jorresponding to the length of the drive pulse. If J; is nominally 
qual to mIp the condition becomes 


2Ip(1 — p) — mip + q) > Is 
Weel p)/(l a-g) =F JI (1 -+ gg). - « () 


since the output voltage (obtained when the core returns to its 
normal condition) is proportional to the bias current, we must 
wave 


whence 


mIp(1 — gq) > Ip 


lwhere J, is the current required to give the minimum permissible 
uiput voltage, 


r ijpdoslty UE Oa) segue eee earl 


Sor conditions (1) and (2) to be satisfied simultaneously we must 
ave 


Iy> fd -—pllls+ha+aid-®™] . - ® 


f, instead of being allowed to vary independently, the bias current 
is made proportional to the sum of the drive-currents, condi- 
‘ion (1) is replaced by 


— 
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Since the application of a drive current in one row or column 
nly must not begin to switch the core, a further condition must 
we satisfied. If I, is the value of current at which the core begins 
ito switch, we must have, in the case when the bias and drive 
‘Surrents vary independently, 


(When the bias current is proportional to the drive current, the 
‘condition becomes 


Ind -—mi+tp—-k<0 .... ® 


As long as conditions (7) and (8) are satisfied, the break-through 
voltage increases with increasing Ip, and, since the residual 
permeability of the core increases as the operating point moves 
toward the knee of the B/H loop, the more negative the left-hand 
siue of (7) or (8) is, the greater are the operating margins and the 
sraaller the break-through voltage. Thus, to minimize the break- 
tough voltage the minimum value of Jp and the maximum 
v: ue of m which satisfy all the above conditions should be chosen. 
41 added advantage which is obtained by reducing Ip is that the 
pewer input required for the matrix is decreased. If these con- 
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siderations are borne in mind, it will become apparent, when 
conditions (3) and (6), and (7) and (8) are compared, that making 
I, proportional to the sum of the drive currents is advantageous. 
As an example we may take p = q = 0:1, Iy = 3-6 AT and 
Ig = 6:4 AT. Then, in the case where J, and Ip vary indepen- 
dently, Ip > 6°35 AT. Taking Ip = 6:5 AT we find 1:14 > m 
> 1:09. With m = 1-1 we find that J, must be greater than 0-72 
AT if the core is not to be switched by one drive current under 
the most unfavourable circumstances. On the other hand, when 
Tz is proportional to Ip we obtain Ip > 5-5 AT. With Ip = 6 AT 
we find 1-33 > m> 1-18 and thus we may take m = 1-25. With 
these values for Ip and m, I, must be greater than —1-35 AT, 
and, since Ig is always positive, it follows that the operating 
margins are considerably increased in this case. Even when 
q = 0, i.e. when no tolerance is permitted on the bias current, we 
find that, with Ip = 6AT and m = 1:25, I, must be greater 
than — 0:9 AT, and therefore the margin is still less than in the 
case where Ip is proportional to Ip. 

The behaviour of a typical core, as Ip and Jp are varied, can 
be seen in Fig. 11, where contours of constant output voltage and 
of constant break-through voltage are plotted against Jp and Jp. 
When Ip and J, vary independently, the operating region in 
Fig. 11 is a rectangle. The rectangle shown corresponds to the 
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Fig. 11.—Experimental data for 8mm ferrite cores. 


case in the example above. If Jp and J, vary together, the 
operating region becomes a straight line passing through the 
point Iz = Ip = 0, with a slope equal to 1/m. The straight line 
through the origin shown in Fig. 11 corresponds to m = 1:25, 
and shows the improvement obtained in the ratio of minimum 
Vo to maximum V, for the same tolerance variation as in the 
case of independent variation of Ip and Ip. 

Tp and Jp can be made to vary together by using the system 
shown in Fig. 12. The drive valves are arranged with a common 
cathode resistor to a negative return voltage, V; and V,, being 
provided to accept the current when none of the drive valves are 
conducting. The current flowing in the bias winding is the sum 
of the row and column drive currents, and the correct ratio of Ip 
to Ip is obtained by adjusting the relative number of turns on the 
bias and drive windings. In the matrix developed for Edsac 2, 
for example, the drive winding has 40 turns and the bias winding 
25 turns, giving m = 1:25. 

The choice of dimensions and number of turns for the cores 
composing the matrix, and of the type of valve to be used for 
driving, involves a compromise between a number of conflicting 
requirements. Since it is desirable that a given output winding 
should thread each core a few times only, a large output voltage 
per turn, and hence a core with a large cross-sectional area, is 
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BIAS WINDING 


Y DRIVERS 


X DRIVERS 
ob — 
Fig. 12.—Connection of bias winding. 


indicated; the available winding space also increases with the 
size of the core. However, if the cores are too large it may not 
be possible for the selected core to be switched sufficiently fast, 
or the size of the driving valves required may become prohibitive. 
Moreover, the temperature rise in a core subjected to continual 
switching increases with the dimensions of the core. This tem- 
perature rise may set the limit to the number of times per second 
that it is possible to switch a given core. 

The number of turns on the drive windings should be made as 
small as is possible, consistent with satisfactory switching by the 
drive valves used, in order to reduce leakage inductance and to 
make the time of switching as short as possible. The maximum 
number of cores on each row or column which can be driven by 
one valve is determined by the voltage developed across the 
selected core, the total leakage inductance of the unselected cores, 
and the h.t. supply; the latter is in turn limited by the permissible 
anode dissipation of the driving valves. A secondary limitation 
on the number of cores in a row or column is imposed by the 
delay and distortion in the leading edge of the current pulse, 
which are due to leakage inductances and stray capacitances. 
With a drive current of 150mA an 8mm core can be operated 
on the straight line of Fig. 11 if the drive windings are composed 
of 40 turns each, and the bias windings of 25 turns. Experiments 
have shown that, if a column of 32 cores is operated under these 
conditions, the selected core is switched in less than one micro- 
second. The drive current of 150mA can be provided by a 
12E1 valve with a 150-volt h.t. supply. 


(5.2) Break-through 


The maximum number of cores through which it is possible, 
in a practical system, to thread a given output winding depends 
on the ratio of the output voltage obtained when a core is selected 
to the break-through voltage obtained when it is half-selected. 
Discrimination between wanted and unwanted signals can be 
made easier by increasing the number of times an output wire 
threads each core through which it passes, thus increasing the 
absolute level of both signals. This, however, increases the 
leakage inductance in series with the output winding, and in a 
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large matrix, in which one output winding may thread up to 
80 cores, this increase may be serious if more than two or three 
turns are used. A limitation is also imposed by the winding 
space available, since there may be 12 or more output windings 
threading a single core. 

It is possible to reduce the break-through signal by cancellation, | 
using extra cores for the purpose. In the simplest system, one 
core having a single drive winding only is included in each row 
end in each column; such a core will be half-selected each time the | 
appropriate row or column is selected. Each output winding is 
threaded in a negative direction through the extra core the same 
number of times as it is threaded in a positive direction through 
other cores on the same row or column. This method of can-| 
celling break-through is quite effective, but again has the dis-. 


advantage of increasing the leakage inductance in series with the 
output winding. 

Measurements made on every core of a small test matrix of | 
8 x 6 cores showed that the break-through voltage from an’ 
unselected core was less than 0-1 volt per turn, and that the 
output voltage from a selected core was greater than 3 volts per 
turn. The operating speed was such that the time interval 
between the switching of successive cores was 1-5 microsec. 
Similar measurements made on a matrix of 3 x 3 cores, with the 
central row and the central column extended symmetrically to 
contain a total of 32 cores, indicated that similar figures were to 
be expected in the case of a complete matrix of 32 x 32 cores 
operating at the same speed. In the light of these figures it was 
decided that cancellation would be unnecessary in the case of the 
matrix for Edsac 2, provided that an upper limit could be placed 
on the number of times a given output winding threaded cores 
on the same row or column. By choosing carefully the sequence 
in which the cores would be switched during the operation of 
the matrix, no serious difficulty was encountered in making this 
limit equal to four, so that the total number of cores which could 
contribute to the break-through voltage was eight. Due allow- 
ance was made for the fact that a conditional core subjected to a 
drive current of 2/p contributes about twice the normal break- 
through voltage contributed by a half-selected core. The output 
windings thread each core three times, giving a minimum output 
signal of 9 volts. 

(6) CONCLUSION 


The work described in the paper was undertaken primarily (as 
has already been stated in Section 1) with a view to designing a 
control system for Edsac 2. This computer, which is intended 
ultimately to have a comprehensive order code and a correspond- 
ingly large control matrix, is at present operating with a restricted 
order code provided by the 8 x 6 matrix referred to in Section 5. 
The control unit has been operating with this matrix for a year, 
and its performance has been very satisfactory. 
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SUMMARY 

A serial decimal adder is described which accepts numbers in binary- 
wled form. The binary digits, which are handled in parallel, are 
ccoded into a set of pulses which actuate a built-in addition table 
‘ering all the possible sums. A special form of number representation 
s enabled the adder to be constructed more economically than 
wuld otherwise have been the case, while the advantages of this 
oe of adder have been retained. 

he circuits use square-loop magnetic cores for all logical functions 
d junction transistors as pulse amplifiers. 


LIST OF SYMBOLS 


F = Driving m.m.f. applied to core, ampere-turns. 
1 Ng = Number of turns on core output winding. 
S = Constant relating drive m.m.f. to core switching time, 
ampere-turn-sec. 
k = Constant related to the coercive force of the magnetic 
material, ampere-turns. 
\A®D = Total flux change in core between remanent states, 
webers. 
, At = Core switching time, sec. 
V, = Transistor base voltage when bottomed, volts. 
I, = Transistor base current when bottomed, amp. 
V, = Transistor collector voltage, volts. 
I, = Transistor collector current, amp. 
c = Slope of the transistor I,/V, characteristic, mhos. 
d = Intercept of the J,/V, characteristic on the voltage axis, 
volts. 
+’ bias = Base bias voltage, volts. 


(1) INTRODUCTION 


Despite the widespread use of binary numbers in digital com- 
sters, there are times when it is more convenient to use a decimal 
resentation. A particular example is a computer designed for 
ta-processing applications where the ratio of input-output time 
‘computing time is large. In these cases the disadvantage of 
iving to provide more complicated computing and storage 
cuits may well be offset by the fact that no binary-to-decimal 
‘aversion is required for input and output. For the same 
ssson, the longer multiplication time for numbers expressed in 
icimal notation is not so important. 

Although the representation of numbers may be basically 
icimal it is customary, for storage and computing purposes, to 
press each decimal digit as a binary number. The advantage 
* being able to use two-state circuits can then be obtained. 
‘any types of binary coding can be used, the choice depending 
; the computing circuits which are to be employed. 


: (2) ALTERNATIVE FORMS OF ADDING CIRCUIT 

"Decimal adders have been described in which each decimal 
@* is represented by four binary digits in a straightforward 
umnrer, the addition being carried out serially from the point of 
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view of the decimal inputs and in parallel from the point of 
view of the binary digits. Such a device is basically a 4-digit 
parallel binary adder. 

The core-transistor circuit element is not very well suited to this 
type of addition as the signal delay due to the switching time of 
the transistor makes it difficult to arrange for the propagation of 
the binary carry. This problem can be surmounted if the addi- 
tion is performed in two stages or if the four binary digits 
representing each decimal digit are handled serially instead of 
in parallel. In either case the speed of the adder is reduced. 

Another approach is to use a matrix of coincidence gates, 
suitably connected, which stores all the possible sums. The 
input numbers are then applied to this matrix coded in a one-out- 
of-ten form. This method avoids the problem of the binary 
carries and is well suited to the core-transistor circuit element as 
all the operations can take place in strict synchronism with the 
basic repetition frequency of the system. The disadvantage is 
the large amount of equipment needed and the fact that much of 
it is lying idle at any time. 

If the decimal digits are expressed in the scale of five, there will 
be two addition tables containing about a quarter of the number 
of gates required by the base-10 system. However, a base-5 
carry will now be required. Although it would be easier to 
allow for this single carry rather than for the three which arise in 
parallel binary addition, the system does not realize all the 
potential advantages of the addition-table type of adder. 

Another way of representing decimal digits will now be 
described which allows this type of adder to be constructed as 
economically as one using bi-quinary coding, but which has no 
internal carry. 


(3) THE RESIDUE NUMBER SYSTEM* 

If two positive integers a and d are divided by a third positive 
integer m, one obtains two remainders or residues r, and r, 
which lie between 0 and m—Ji. In the terminology of 
congruences,! 

a =r, (modulo m) 


and = r, (modulo m) 


If the remainder on dividing a + b by mis rz.5, it is possible 
to show that 


atb=r,+ r =1q+5 (modulo m) 


and also that 
ab = ralb —= Vab 


where r,, is the remainder on dividing ab by m. 

If the two integers a and b are now divided by a whole set of 
moduli m, mz,...m,,...m, in turn, a set of residues is obtained 
for each number which is characteristic of that number. The 
theorems quoted above then show that, if corresponding members 
of the two sets of residues are added together and the result is 
divided by the corresponding modulus, the set of residues so 
obtained is characteristic of the sum of a and 6. An analogous 


* This method of number representation was brought to the notice of the authors 
by Dr. A. Svoboda of the Academy of Sciences, Prague. 
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result holds for the product of a and b when corresponding 
members of their sets of residues are multiplied together. 

It is not possible to represent an infinite number of integers 
uniquely by means of a finite number of moduli, since, as is 
shown in the Appendix, any set of residues represents a whole 
range of numbers differing by multiples of the lowest common 
multiple of the moduli. Provided, however, that attention is 
confined to a group of numbers lying between multiples of the 
l.c.m., a unique representation of this group can be obtained. 

The important feature of this method of number representation 
in the present instance is that addition or multiplication is carried 
out by adding or multiplying corresponding members of two sets 
of residues without any operation being affected by the result of 
another, ie. there are no carries. In particular, it provides a 
method of partitioning a decimal digit to obtain economy in a 
stored-table type of adder without thereby introducing the 
problem of a carry. 


(4) REPRESENTATION OF DECIMAL DIGITS BY THE 
RESIDUE SYSTEM 

The moduli used for representing a decimal digit are 5 and 2. 
Since their l.c.m. is 10, any numbers differing by a multiple of 10 
will be represented by the same pair of residues. Thus it follows 
that when two decimal digits are added together, the least signi- 
ficant digit of their sum is correctly represented, whether that 
sum is greater than or less than 10. The coding for the 10 decimal 
digits is set out in Table 1. 


Table 1 


BINARY CODING FOR RESIDUE REPRESENTATION 


Residue 
modulo 2 


Residue 
modulo 5 


Binary coding 


Decimal digit 


0000 
0011 
0100 
O111 
1000 
000 1 
0010 
0101 
0110 
1001 


por Oorororo 


WHO IDAARWNEO 
BRWNEORWNFO 


Two addition tables are necessary to carry out addition, one 
for each of the moduli. Their logic is shown in Table 2. 


Table 2 


ADDITION-TABLE LOGIC 


First input First input 
number number 
OR le omer @ il 
0 Second 0/0} 1 
Second input 
input 1 number 1 | 1 | 0 
number 


Z 
3 
4 


(a) Modulus 5. 


(6) Modulus 2. 


MACLEAN AND ASPINALL: A DECIMAL ADDER USING A STORED ADDITION TABLE 


The decimal carry has to be determined separately, and wi 
occur if at least two of the following three conditions are satisfie 
(a and b are the two input decimal digits): 

(i) a >5. 
(ii) b 5. : 
(iii) The sum of the residues, modulo 5, of a and b is equal to ¢} 
greater than 5. 


A further condition for a carry is that 


(iv) The sum of a and b is equal to 9 and there is a carry fror| 
the last decimal place. | 
The addition of the decimal carry consists in adding unity t 

both the modulus 5 and modulus 2 parts of the sum in the nex 
most significant decimal place. 

Owing to the use of the residue system of representing th) 
decimal digits, no interaction occurs between the two sections Cc’ 
the adder at any time during the addition process, including th! 
addition of the decimal carry, or during the conversion to an 
from binary coding. 


(5) SUBTRACTION 


Subtraction is carried out by representing the number to b 
subtracted as a 9’s complement. If the numbers are now adde! 
together and a carry is added into the least significant decimé 
place of the sum, the result will be the difference expressed i 
10’s complement form. 

Examination of Table 1 shows that the 9’s complement of | 
decimal digit is obtained by permuting the digits in both th 
modulus 5 and modulus 2 sections, as shown in Table 3. ; 


Table 3 


COMPLEMENTS IN THE RESIDUE SYSTEM 


Residue modulo 5 Residue modulo 2 


After 
complementing 


Before 
complementing 


Before 
complementing 


After 
complementing 


0 
1 


(6) THE COMPLETE DECIMAL ADDER 

The operation of decimal addition based upon the principle 
just described will now be summarized. 

Referring to Fig. 1, each decimal digit is received as fou 
binary digits in parallel. It is first decoded so that one puls 
appears on each of two groups of output leads. The first grow 
containing five leads represents the residue modulo 5 and th 
second group of two leads represents the residue modulo 2. I 
addition, one of the input numbers passes through a compl 
menter which, if necessary, effects the permutation shown i 
Table 3. The decoded versions of a and b then pass to ty 
addition tables which are made up of coincidence gates in th 
arrangement shown in Table 2. Finally the sum is re-co 
into binary form, the digits in the modulus 5 and modulus 
channels having been advanced by unity if there is a carry fro 
the last decimal place. 

The conditions under which a decimal carry will occur ha’ 
already been mentioned. To find out if the first two conditior 
are satisfied, the inputs to the addition tables are examined. Th 
third condition is obtained from the modulus 5 addition tabk 
If the inputs are such that their sum is below and to the right 
the line of 4’s in Table 2(a), then the sum of the residues is eq) 
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Fig. 1.—Block diagram of decimal adder. 


© or greater than 5. The appropriate outputs of the addition 
lables are examined, together with the carry from the last decimal 
dlace, to see if condition (iv) for a carry is satisfied. 


(7) THE CORE-TRANSISTOR CIRCUIT ELEMENT 


The core-transistor circuit element has been described in 
References 2 and 3. It is now proposed to discuss its design in 
more detail. 

_ Asshown in Fig. 2, the square-loop magnetic core has an output 


PULSE 
INPUTS 


POSITIVE BIAS 


io 


(INPUTS 


DC BIAS 
OUTPUT CURRENT 
LOAD 
RESISTOR 
NEGATIVE SUPPLY 
VOLTAGE 


Fig. 2.—Basic core-transistor circuit. 


winding which is connected in series with the base circuit of a 
sommon-emitter junction transistor. Also in series with the 
vase is a d.c. bias voltage which maintains the transistor in a 
on-conducting state when there is no flux change in the core. 
When the flux in the core is changing in one of its two possible 
directions the voltage across the output winding wil take the 
ase negative, overcoming the bias, and the transistor will be 
switched on. Collector current will then flow and, if the base 
surrent is sufficient, the transistor will bottom and the current in 
the collector circuit will be limited by the load resistance. After 
“+e core has changed its state, reverse base current flows from 
che bias source and the transistor is switched off. 

fo make a satisfactory logical element, the circuit needs to 
writ pulses which are standardized in both amplitude and 
deration. The maximum amplitude of the pulses is defined by 
“he load resistance, and they can be prevented from becoming too 
en all by limiting the number of further cores driven by the stage 
us der consideration. 
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The overall pulse length is the sum of the switching time of the 
core and the time taken for the transistor to switch off after the 
core has ceased to drive it. The switch-off time is dependent on 
the base bias voltage, and varies from one transistor to another. 
Factors which affect the switching time of the core are the input 
characteristics of the transistor and the amplitude of the driving 


pulse. This is expressed by the following equations :3 
(F — Nol, —KHAt~ S oS ebeder ta ween li) 
N,A® 
V, —+ Vie = Ane Fs é é 3 (2) 


It is found that the base voltage of a bottomed transistor is 
fairly constant over a wide range of base currents, as shown in 
Fig. 3, the two transistors whose input impedances are plotted 


30 


20 


Ips mA 


0-4 0-6 0-38 1:0 
Vb- VOLTS 
Fig. 3.—Transistor base impedance. 
Ip = 55mA, Ve ~ 0 
being at each end of the spread of voltages. 
be represented approximately by 


Tp c( Vind) bao Baty an ee) 


where c and d are constants. The parameter c was found to be 
fairly constant for the transistors which were tested, while d had 
a spread of nearly 0-4 volt. 

Eqns. (1), (2) and (3) result in expressions for At and I, which 


These results can 


11 VOLTS 26 
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revouts 24 
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Fig. 4.—Core switching time and output current. 


are plotted in Fig. 4 with the following values of the various 
parameters: 


S = 0-6 x 10-6 ampere-turn-sec. 
No = 40 turns. 

k = 0:6 ampere-turn. 
A® = 0-16 x 10-6 weber. 

c = 0-18 mho. 
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The value of c corresponds to an OC72 transistor and the 
values of S, k and Ad to two FX1508 matrix storage cores 
treated as a single core. Experiment has shown good agreement 
with these curves, except for low base currents where the simple 
linear law assumed for the transistor input characteristic no 
longer holds. 

It can be seen that a high value of V,;,; is desirable to minimize 
the effect of variations in d between one transistor and another 
as well as the effect of changes in drive amplitude. Another 
argument in favour of a high bias voltage is that it speeds the 
switching off of the transistor and therefore reduces the variations 
in pulse duration from this source. On the other hand, the drive 
requirements for the circuit are lowered by a small value of Vpjgs, 
which allows a smaller No to be used for a given pulse duration. 

The amount of base current necessary to switch the transistor 
on in a given time is a function of its cut-off frequency and the 
collector current. The poor frequency response of available 
transistors calls for a large base current to obtain a rise time of 
the order of one microsecond, although a large variation has been 
found between different transistors of the same type. 

The final design of the core-transistor element is a compromise 
between the various conflicting factors. The base bias voltage 
should be made no greater than is necessary to obtain a satis- 
factory control of pulse duration, in order to keep the drive 
requirements as low as possible. Once the pulse duration and 
the bias voltage have been decided upon, No can be found from 
eqn. (2) and the transistor input-impedance data. 

The number of turns on the input windings should be as low 
as possible for two reasons. First, it increases the number of 
input windings which can be provided and therefore the logical 
flexibility of the circuit. Secondly, since the collector supply 
voltage cannot be increased beyond a certain limit, a greater 
number of load cores can be connected in series with the collector 
circuit if they have smaller input windings. This process cannot 
be carried too far, since the large collector current which becomes 
necessary, and which, in turn, demands an increased J, and F, 
exceeds the capabilities of the transistor. 

The circuit elements actually used in the construction of the 
adder have the following circuit constants: 

Magnetic core: two FX1508 storage cores. 
All core windings: 40 turns of 48 s.w.g. wire. 
Transistor: OC72. 

Base bias voltage: +0-5 volt. 

Base current: 24mA. 

Collector supply voltage: —20 volts, 
Collector load resistance: 470 ohms. 
Collector current: 42-5mA. 

The chosen value of V;;,, limits the combined spread in pulse 
duration due to changes in the parameter d and the switch-off 
time to +1 microsecond. A batch of 50 transistors tested in 
this circuit gave overall pulse lengths varying from 6:0 to 
8-Omicrosec. In all cases the current rise-time was 1-2 microsec 
or better. 

It was found possible to put six separate windings on each 
core, thus allowing five inputs. Each core-transistor element 
was capable of providing satisfactory drive to about four others 
before the rise-time of the driven stages became too long. 


(8) CORE-TRANSISTOR LOGICAL CIRCUITS 


To perform logical operations a magnetic core must behave 
as an analogue discriminator, able to distinguish between 
different drive amplitudes. In the magnetic matrix store the 
square hysteresis loop alone is used for this purpose. How- 
ever, as has been pointed out elsewhere,* the use of a d.c. bias 
passed through a separate winding on the core to provide a 
threshold offers advantages. Because of the improved dis- 
crimination which bias provides, the signal pulses need not have 


such accurately defined amplitudes and a greater range of) 
logical operations is possible. In addition, the bias automatically |; 
resets the cores to a standard state after the signal pulses have” 
ceased, making possible two classes of logical elements which 
emit their output pulses at different times. | 
It is assumed hereafter that all signal pulses and bias) 
currents have a standard amplitude, this being equal to the) 
collector current of a stage which is emitting an output pulse’) 
and such that, when passed through a standard input winding, a } 
drive m.m.f. equal to F (Section 7) is produced. 
Fig. 2 shows a symbolic method of depicting a logical circuit) 
element. The solid arrow pointing towards the core represents a 
standard winding carrying a direct current bias. Other arrows: 
represent pulse inputs, a double arrow signifying that two stan-" 
dard windings are connected in series. In all cases the figure next = 
to the arrow head indicates the direction in which the input current i 
is driving the core. It is assumed that the transistor is a 


i 


on when the core is changing from the ‘1’ to the ‘0’ state. 
As an example of a logical element, consider the coincidence 
gate shown in Fig. 5. Two simultaneous pulse inputs are neces- © 
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Fig. 5.—Core-transistor logical circuits. 


sary to overcome the bias and provide a net drive of F to the core. 
When the pulses cease the core reverts to its initial state, again 
with a net drive equal to F. Note that two changes of state are 
involved in this action and either one can be used to provide an 
output by suitably polarizing the output winding. Thus the 
gate can take two forms, one providing an output straight away 
which will be referred to as an A-period gate, and the other giving 
a delayed output which will be called a B-period gate. The 
waveforms associated with these two types of gate are shown 
in Fig. 5. By providing two bias windings, a triple coincidence 
can be detected with the same basic arrangement, and the possi- 
bilities are limited only by the number of windings available. 
Operations which involve the inhibiting of one pulse by another 
need a slightly different treatment. Because the signal pulses 
cannot be relied upon to have precisely equal durations, there 
exists the possibility of spurious operation. This difficulty is 
overcome by using a strobe pulse which starts slightly later than 
the signal pulses and finishes slightly earlier. The core can 
therefore change state only in the strobing period, during which - 
time the signal inputs, if present, are at full amplitude. The ‘not 
equivalent’ gates in Fig. 5 are an example of this type of operation. 
Two cores, with their output windings connected in series with 
the base circuit of one transistor, are used to detect the two 
conditions which will give rise to an output. Like the coincidence 
gate, the ‘not equivalent’ gate can take A- and B-period forms. 
Since each core undergoes two changes of state in performing 
a logical operation, the period of the timing cycle is made at 
least equal to the length of two signal pulses. In practice, owing 
to the delay of about one microsecond before an energized 
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‘lement emits an output pulse, some extra time must be allowed, 
ind a timing period of 20microsec has been found satisfactory. 

In designing a complex logical network, the operations 
etween input and output are divided into a number of short 
fhains. Each chain begins and ends with storage cores, i.e. 
sores which are not supplied with direct current bias and which 
mly serve to store the signal temporarily. By this means the 
witching delays in the logical elements are not allowed to 
.ccumulate and thereby interfere with the timing. During the 
\ part of the timing period the storage cores are ‘read’ and the 
ignal then passes through one or more of the A-period type of 
sate. The last element in the chain is a B-period gate, which 
sccepts the outputs of the preceding gates during the A-period 
snd emits an output during the B-period to the storage core which 
erminates the chain. By this time the storage core is ready to 
eceive new information, having disposed of that which it con- 
ained at the beginning of the timing period. Ifan element which 
nvolves inhibiting has to be used, it should be made the first in 
he chain in order to maintain the strobing tolerances. 

The foregoing principles have been used in the design of the 
agic for the decimal adder and further details will now be given. 


(9) THE DECODERS 


The decoders for the modulus 5 and modulus 2 channels are 
wrirely separate. The one for the modulus 5 channel is shown 
n Fig. 6. 


MOST SIGNIFICANT 
DIGIT 


AN 


OUTPUT IN ONE-OUT- OF FIVE CODE 


Fig. 6.—Modulus 5 decoder and complementer. 


The input is three binary digits in parallel and output is 
equired in the form of a pulse on one of five output leads corre- 
ponding to the five possible values of the input. The decoder 
“smprises a single chain of logical operations, cores C,-C; 
Na cores Cy5-Ci9 being the input and output storage cores, 
espectively. It is convenient to regard the three input digits as 
ing split into two groups, as shown in Table 4. The first 
T up, comprising the two most significant digits, can take three 
‘avaes, 0,1 and 2. Using core Cy, to detect the case where both 
he digits are zero, one of the leads do, d; or dz will be energized. 
1% 4 similar manner, and with the help of Cs, the least significant 
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Table 4 


Tue Locic oF THE MopuLus 5 DECODER 


Output 
comple- 
mented 


Input 
digits 


Output 
positive 


000 
001 
010 
011 
100 


[aoe 


digit of the input causes one of the leads dp or d, to be energized. 
The final outputs are now obtained by coincidences between one 
of the group do—d, and one of dg or dj. 

Cores Cg, C7, Cy and Cy9 are B-period coincidence gates which 
require three inputs simultaneously present in the A-period to 
produce an output. Two of the inputs are obtained in the 
manner just described, and the third is a controlling pulse which 
only activates the cores when the number is required in positive 
form. When the number is required to be complemented, cores 
C,;-C14 are activated and take the place of cores Cg—Cjo. 
It should be noted that the same combination of input digits 
corresponds to the output labelled ‘2’ whether the input is being 
complemented or not, so that only one core is needed to produce 
this output, namely Cg, and this can be a 2-input gate. 

The output of cores Cg—C,4 occurs in the B-period and is 
stored in one of the cores Cjs—Cj9, from which it passes to the 
addition table and the carry generator during the next timing 
period. 

The decoder for the modulus 2 channel is similar to the one 
just described. Those for the other input number are the same 
except that there need be no provision for complementing. 


(10) THE ADDITION TABLES 


The addition tables are arrays of A-period coincidence gates 
which are grouped according to the outputs they give. A typical 
group in the modulus 5 addition table is shown in Fig. 7, and 


OUTPUTS OF DECODERS (A-PERIOD) 
3 2 ‘ Oo 4 


OUTPUTS 


O7-NW 


OF 
DECODERS 
(A-PERIOD ) 


(A- PERIOD) 


Fig. 7.—Typical addition-table element. 


since there are five possible sum outputs, there are five such 
groups. One further output is required for generating the decimal 
carry and this is provided by two groups of cores similar to those 
shown in Fig. 7 with the collectors of the two transistors con- 
nected together. The inputs to the cores in this case are such 
that they correspond to elements lying below and to the right of 
the line of 4’s in Table 2(a). 


(11) THE CODING UNIT 


The coding unit is an array of B-period gates which accepts 
the outputs of the addition tables during the A-period and delivers 
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Spe ie) 1 ie) 


NO CARRY 


(FROM 
CARRY 
GENERATOR) 


MOST 
SIGNIFICANT 
DIGIT 


BINARY - CODED OUTPUT 
Fig. 8.—Coding circuit. 


a binary-coded output during the B-period. If no decimal carry 
is present the top row of cores shown in Fig. 8 is activated, while 
in the presence of a carry the bottom row of cores advances the 
numbers in the modulus 5 and modulus 2 channels by unity. 


(12) THE DECIMAL-CARRY GENERATOR 


Fig. 9 shows the circuit for generating the decimal carry. 
Cores C, and C, determine whether the input number a is equal 


INPUT NUMBER ‘a’ 


MOD. 5 MOD. 2 
raat Wee LL 1 
01234 01 


INPUT NUMBER ‘b’ 


MOD. 5 MOD. 2 
[Anas oat a) 
OMIEOSOT 4A nO Ge 


CARRY OUTPUT 
OF MOD. 5 
ADDITION TABLE 
(A- PERIOD) 


A PERIOD PULSE 
C7 
SUM OUTPUT 4 

OF ADDITION 
TABLES 
(A-PERIOD) 


A-PERIOD 


STROBE NO CARRY 


Fig. 9.—Decimal-carry generator. 


to or greater than 5 by examining the appropriate digits in the 
modulus 5 and modulus 2 channels. Cores C; and C, perform 
the same function for the other input number, b. 

The outputs of these circuits are applied to core Cs, together 
with the carry output from the modulus 5 addition table. At 
least two of these three conditions have to be satisfied for a carry 
to be generated and, if they are, C; causes a carry to be stored in 
C, during the B-period. Core C, generates a carry when the 
output of the addition tables is 9 and there is a carry from the 
last decimal place. 

If, at the beginning of any basic period, there is no carry 
stored in C;, core Cg generates a ‘no carry’ pulse which is sent to 
the coding unit. 


(13) CONTROL PULSES 


Although the addition of two particular decimal digits takes 
two basic timing periods, digits are fed in at the full repetition 


MACLEAN AND ASPINALL: A DECIMAL ADDER USING A STORED ADDITION TABLE | 


rate. Thus, when a particular digit is entering the inputs of the 
decoders, the previous one is being stored preparatory to entering 
the addition tables. 
The pulses which read the contents of the storage cores and } 
activate the various gates occur during every timing period and ) 
are generated by core-transistor circuits. Of the two pulses P 
which operate the complementer in Fig. 6, only one is required, f 
depending on whether addition or subtraction is being carried out. | 


(14) TESTING METHODS 


In the absence of equipment for storing complete decimal } 
numbers, the adder has been tested only with a limited type of | 
input. Two registers were provided, each capable of storing one ti 
decimal digit, and were connected to the two inputs of the adder. | 
The first of these had provision for manual loading and could be | 
arranged either to clear itself after it had been read once or to | 
retain its contents indefinitely. The second, regarded as an 
accumulator, received its input from the output of the adder / 
and had no inherent regeneration facility. 

With these arrangements it was possible to transfer single ¥ 
digits from the manually loaded register to the accumulator, and | 
then to pass them repeatedly through the adder. Alternatively, » 
using the regeneration facility of the manually loaded register, | 
the contents of the accumulator could be altered on every passage © 
through the adder, giving rise to a repetitive pattern of digits. 

Tests showed that the operation of the adder was unaffected = 
by the repetition frequency used, provided that the basic timing | 
period was made at least 15microsec. It is considered that a | 
timing period of 20microsec provides ample margins of safety. f 

Satisfactory operation was obtained when the bias current and | 
collector voltage supplies were independently varied within 5% | 
limits in either direction. If these two supplies varied together, | 
it was found that the tolerances were increased to about 10%. } 
This is to be expected, since in both the A- and B-period gates | 
the variations in drive pulse amplitudes and bias current cancel ; 
each other, provided that they occur in unison. Since it is 
possible to build a voltage stabilizer using transistors which will | 
supply large currents with less than 5% variation, it is not | 
expected that these tolerances will cause any difficulty in practice. 

About 80 transistors and slightly more than twice that number | 
of magnetic cores were used in the construction of the adder, its | 
registers and the pulse-generation equipment. The only com- | 
ponents which have failed are several of the cores, which | 
developed open-circuited windings shortly after installation. 
Those which survived the initial period of operation have per- | 
formed satisfactorily thereafter. 


(15) CONCLUSION 


The successful operation of the adder has shown that the core- | 
transistor circuit has sufficient versatility and flexibility to enable 
it to be used in computing equipment operating at medium | 
speeds. The component limiting the speed at present is the | 
transistor, and it is to be expected that improved transistors will 
greatly extend the scope of the circuit when they are available. 

The fact that all signals and waveforms associated with this 
type of circuit are pulses necessitates a slightly different approach | 
to the problems of logical design. The use of biased cores, 
leading to the possibility of A- and B-period gates, has enabled 
logical operations to be performed economically without loss 
of speed. 

Although the logic of the adder was designed with the par- 
ticular properties of the core-transistor circuit in mind, an adder 
using this type of number representation could equally well be 
realized with the more conventional circuit techniques. In this 
case the temporary storage between the outputs of the decoders 


) 
| 
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and the inputs of the addition tables would probably be discarded, 
together with the A- and B-period type of logic. The delay 
before an output was obtained would then be limited only by 
the response time of the intermediate gates. The elimination of 
the time required for carry propagation would still be obtained, 
as well as the other advantages mentioned in Sections 3 and 4. 
It is probable that an adder using diode matrices and valves 
could be operated at a speed of at least 10 times that which is 
possible with the transistor-core combination in its present state 
of development. 
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(18) APPENDIX 


Let a positive integer a be divided in turn by positive integers 
1}, >, axe Hil, «a. H,, leavine Temainders 774, f>,., «gs ete T ys 
Then a =I,m, + r, for all s 
where r, < m, and J, is a positive integer. 
If there exist two integers a, and a, which give the same set of 


remainders, 
then a, = ln; r, 


and a, = lL,m, + 1, for all s 


Taking a, to be greater than a, it then follows that a, — a is 
a positive integral multiple of m,. Since this is true for all values 
of s from 1 to n, it follows that 
Oe LM 


where L is a positive integer and M is the l.c.m. of m,, m,.. . 
Wis G06 Tht 


[The discussion on the above paper will be found on page 144.] 
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SUMMARY 

The paper describes a graphical-output unit fabricated from a 
uniform layer of electroluminescent phosphor with 512 parallel con- 
ducting strips on either side, these respective sets of strips being 
mutually at right angles to form a matrix of conductors. The applica- 
tion of a changing electric field between selected strips of both sets 
causes the phosphor to fluoresce at their intersection. As intersections 
are selected in turn a pattern can be traced out on the panel and 
recorded photographically. The discrimination ratio of brightness of 
wanted to unwanted spot positions and an improved method of 
biasing the matrix are considered in some detail. Other factors, such 
as driving-voltage frequency, waveshape and intermittent operation, 
are considered as they affect the discrimination ratio. Details of some 
prototype matrices are given, and a display indicating the resolution 
of such a system is shown. 


LIST OF SYMBOLS 


B = Brightness or integrated light output (i.l.o.) for an applied 
voltage V. 
V = Peak-to-peak applied voltage. 
a, b = Constants for a certain phosphor at a particular fre- 
quency and voltage waveshape. 
B' = Brightness for an applied voltage of 4V. 
D’ = Discrimination ratio—the ratio between the two levels of 
brightness B and B’, i.e. D’ = B/B’. 
B” = Brightness for an applied voltage of 4V. 
D” == B/B": 
d = Thickness of electroluminescent layer. 
D{ = Discrimination ratio similar to D’ but for electro- 
luminescent cell thickness 4d. 
E = Electric field across the electroluminescent cell. 
B, = Another brightness level. 
Dy = Discrimination ratio similar to D” but for brightness 
level B,. 
A = Waveform peak-to-peak amplitude 4V volts. 
B = Waveform peak-to-peak amplitude 4V volts but anti- 


phase to A. 

« = Waveform peak-to-peak amplitude $V volts in phase 
with B. 

8 = Waveform peak-to-peak amplitude 4V volts in phase 
with A. 


(1) INTRODUCTION 


The results of calculations made on a digital computer appear 
at the output in numerical form; in many cases, however, it is 
desirable to display them graphically, which may involve many 
hours of work. There is, therefore, a demand for an automatic 
device which will provide an accurate graph whenever this is 
required. Furthermore, as information is easier to assimilate in 
graphical than in tabulated form, a rapid assessment of any set 
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of results can be made and the computer input parameters | 


appropriately changed during the progress of a particular 


problem. ~J 


Graphical output can be provided at the screen of a con- 
ventional cathode-ray tube. In this case the digital-computer 
output is converted into analogue form to produce deflections of 
an electron beam along the X- and Y-axes, the display being built 
up sequentially point by point. The screen can be observed 
visually, as a complete trace of, say, one thousand spot positions 
can be completed in a few seconds: alternatively, the display can 


be recorded photographically. The accuracy of such a system 


is limited by the inherent errors in the analogue circuit para- 
meters, the varying deflection sensitivity and the varying angle 
between X- and Y-axes over the screen surface. In addition, the 
short-term stability of such a system may be adequate but the 


long-term stability, unless elaborate circuit arrangements are | 


used, will be poor. In the electroluminescent panel to be 
described here, these defects are eliminated because the ‘spot’ 
can only take positions which are at the intersections of two 
fixed sets of conducting strips. 


ae 
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The panel (Fig. 1) is made from a layer of suitable electro-— 


Fig. 1.—Basic graphical display panel. 


(a) Opaque conductors, 

(b) Glass. 

(c) Transparent conductors. 
(d) Phosphor in plastic. 


luminescent phosphor with a set of parallel conducting strips 
disposed on either side. These respective sets of strips are 
mutually at right angles and form a matrix of conductors.! The 
application of a changing electric field between selected strips 
of both’ sets causes the phosphor to fluoresce at their inter- 
section. By appropriate selection of pairs of conducting strips 


in turn a pattern is traced out on the panel, and as one set of | 
the conductors is transparent the pattern can be photographed 


through the glass support. With a system of this type, digital 
to analogue conversion is unnecessary, and the accuracy is now 
of high order, since it is dependent upon a master negative which 
is fabricated to fine limits. The long-term stability is, of course, 
inherent and, furthermore, even a replacement panel is identical. 
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(2) ELECTROLUMINESCENCE 


The phenomenon of electroluminescence, the sustained 
emission of light by a phosphor subjected to the action of an 
alternating electric field, was first reported by Destriau2 in 1936. 
Since 1946 a large number of papers on the subject have been 
ublished, and much effort has been expended in producing 
hosphors for use as new light sources.3-4 So far, the applica- 
‘ion has been limited, as the efficiency is low and phosphor panels 
are not ideally suited to the domestic supply (since the brightness 
acreases with the frequency). However, at lower light levels, 
°.g. dark-room illumination, exit signs, and at higher frequencies, 
>.g. instruction signs in aircraft, instrument-panel illumination, 
dhosphor panels have been used to advantage. In conjunction 
with photoconductive elements, some interesting electronic 
devices have also been constructed. The brightness of the panels 
depends on the amplitude, waveform and frequency of the applied 
voltage. The spectral distribution of the emitted light depends 
on the phosphor used and on the frequency of excitation. The 
most commonly used phosphor is zinc sulphide which has been 
activated by the addition of impurities of copper or silver. 

Simple electroluminescent cells can be made as shown in Fig. 2. 


(a) (b) 


(Cc) 


Fig. 2.—Electroluminescent cell. 


(a) Aluminium. 

(6) Glass. 

(c) Indium contact. 

(d) Phosphor. 

(e) Transparent conducting bismuth-oxide/gold layer. 


A transparent conducting layer of bismuth oxide and gold? is 
»vaporated on to a glass sheet to form one electrode. On to this 
8 sprayed an even layer of phosphor suspended in a poly- 
methacrylic ester; the layer must be thin—not more than a few 
mils thick—in order to obtain sufficiently large field strengths 
‘or luminescence to be observed. Metal backing electrodes, 
»paque layers of aluminium or copper, are then evaporated on 
© the phosphor. Contacts to these electrodes are made with 
ndium solder fused to the glass surface. 

Measurements show that the average brightness of an electro- 
uminescent cell increases rapidly with increase of applied 
ilternating voltage. Over a wide range of brightness the depen- 
jence can be represented by® 


Eee Ve ee ee Be a (1) 


Nhen the brightness is measured with a photomultiplier and 
ntegrating amplifier (Section 10), a graph of integrated light 
ytput (i.l.0.) against 1/4/ V (Fig. 3) shows that the above relation- 
hin is experimentally verified over a brightness range as large 
$10° : 1. 

Relationships for brightness as a function of frequency are less 
atisfactory and depend on waveshape and voltage; however, in 
he lower-frequency range, the brightness is approximately a 
sear function of frequency. Of more direct interest in the 
resent application is the discrimination ratio, which is defined 
i»: discussed in Section 4. 
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Fig. 3.—Voltage/brightness characteristic of electroluminescent cell. 


(3) THE ELECTROLUMINESCENT MATRIX 


The graphical-output unit will have 512 x 512 orthogonal 
conductors. The conductors, being 10 mils wide and spaced by 
4 mils, cover an area of 7in X 7in. Sucha panel can be regarded 
as being equivalent to a sheet of graph paper with more than a 
quarter of a million ‘spot’ positions. The remaining area of a 
10in x 10in glass supporting panel is used to accommodate a 
‘flag’ pattern of bonded silver conductors, the flags being of 
sufficient size to allow an electrical soldered connection to be 
made to each conductor. Photo-etching techniques are used 
throughout the manufacturing process and a complete prototype 
matrix with 128 <x 128 conductors at 50 to the inch is more 
easily printed, and is shown in Fig. 4. Some of the operational 


Fig. 4.—Prototype array. 
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features of the graphical-output unit will now be described in 
more detail. 


(4) THE DISCRIMINATION RATIO 


The electroluminescent matrix can be operated by applying 
voltages to the selected x- and y-co-ordinate conductors; these 
voltages being antiphase but having equal peak-to-peak ampli- 
tudes of 4V volts; a peak-to-peak voltage of V volts will then 
appear at the intersection x, y. If all the other electrodes are at 
earth potential, a peak-to-peak voltage of $V appears between 
the selected row or column and the other earthed conductors. 
Unwanted spot positions along the selected ordinate and 
co-ordinate thus luminesce, but with lower intensity. The ratio 
of wanted to these unwanted brightness levels is defined as the 
discrimination ratio. In this graphical-output application the 
photographic film recording the wanted luminescent spot pattern 
is continuously exposed to the lower brightness levels at the 
unwanted spot positions. The image of these unwanted spot 
positions will thus accumulate as the wanted spot positions are 
sequentially selected. The discrimination ratio therefore gives 
an indication of the number of selected spot positions which may 
be recorded before a serious background interference becomes 
apparent, and this ratio must be as high as possible. 

It is now advantageous to consider eqn. (1) in more detail. 
Since 

Bag svy 


and if B’ = ag~Olviv 


where B’ is the brightness level for an applied voltage of 4V, 
the discrimination ratio D’ can be defined as the ratio of these 
two levels of brightness, i.e. 

Dim Gym HMI os at. Q) 


y 


This shows that the ratio increases rapidly as the voltage (and of 
course the brightness) is lowered; and, with the panels con- 
structed so far, a discrimination ratio which allows one or two 
thousand spots to be recorded demands a relatively low level 
of brightness. 


(4.1) An Improved Method of Biasing the Matrix 


A considerable improvement in the discrimination ratio is 
obtained when the unselected conductors are subjected to an 
antiphase voltage waveform of one-third the amplitude of the 
selected conductor (Fig. 5). [The relative amplitudes and phasing 
of the driving waveforms A, B, «, B are shown later in Fig. 
13(a)-(d).] In this case, when a voltage V appears at the inter- 
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Fig. 5.—Improved biasing of matrix. 


A = Waveform peak-to-peak amplitude 4V volts. 

B = Waveform peak-to-peak amplitude $V volts but antiphase to A. 
a = Waveform peak-to-peak amplitude ¢V volts in phase with B. 

= Waveform peak-to-peak amplitude 4V volts in phase with A. 


section of the selected conductors, all the unselected intersections | 


are subject to a peak-to-peak amplitude of 4V volts. 
Now if BY” = Geativ sa eee 3) | 


where B” is the brightness level for an applied voltage of $V, | 
the improved discrimination ratio, D’’, of the two brightness levels | 
corresponding to an applied voltage of V and $V, is 


eee 4-0-7326] VV | 
D' =a =8 a 


From eqns. (2) and (4), 
ae * yaa eee (5) 


Thus the improvement in discrimination ratio between this | 
system of operation and the first method is also an exponential | 
function, and biasing becomes increasingly worth while as the | 
brightness levels are reduced, i.e. as the voltage V is lowered. 

As an example, an experimental determination of the discrimina- 
tion ratio under typical operating conditions can be calculated 
from Fig. 3. With a peak-to-peak applied waveform of 150 volts 
the il.o. is 10° units; for 75 volts, 1-5 x 107 units; and for 
50 volts, 1-2 units. This gives D’ = 600 and D” = 80000, of 


improvement of more than 100 times. Using this method of | 
biasing the matrix, all the unwanted spot positions are then ~ 
equally bright, giving the advantage of a uniform background | 
illumination: the background of the previous system would, of © 
course, be pattern-sensitive. In what follows, equations and | 
arguments assume that the biasing method of operating the panel 
is being used. 


(4.2) Thickness of the Electroluminescent Layer 


The phosphor layer must be thin in order to obtain sufficiently 
large field strengths with reasonable applied voltage amplitudes, 
and uniform in thickness to give an overall even lumination. 
Assuming that equal electric fields across the electroluminescent 
cell cause equal luminescent brightness, and since b is a constant 
for any particular frequency and waveshape, then eqn. (4) may - 
be interpreted for cells of thickness d or 4d as 


Di = D'[e% 321vGayo-44 | | 


where D” is the discrimination ratio of a cell of thickness d, 
and D’ is the discrimination ratio similar to D’ but for an 
electroluminescent cell of thickness $d. Experiments to confirm 
this interpretation are difficult to perform accurately, but a con- 
siderable increase in the discrimination ratio has been observed 
in specially constructed wedge-shaped cells. Thinner cells, then, 
allow either brighter operation levels with the same discrimination 
ratio, or the advantage of lower-amplitude driving voltages 
which would be convenient with semi-conductor driving systems. 
It will be seen that the possibility of evaporation of very thin 
electroluminescent layers may be of great significance for future 
systems of this type. 


(4.3) Driving-Voltage Waveform 


The voltage/brightness characteristic of the electroluminescent 
phosphor depends upon the frequency and the waveshape of the 
driving voltage waveform. Sine, square and differentiated wave- 
forms were investigated in detail over a wide range of frequencies; 
Fig. 6 shows some of the results obtained. From results of this 
type the constant b may be calculated and recorded as-a function 
of frequency and waveshape (Fig. 7). 

Although the largest value of b seems desirable, as it represents 
the rate of change of log (brightness) relative to reciprocal 
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square root of applied voltage, this may be misleading when the 
highest discrimination ratio is required. The constant a, owing 
to the considerable extrapolation necessary, cannot be measured 
with any accuracy. More useful information from the results 
is obtained in the following manner. 

In operation, when the graphical-output unit is controlled by 
a digital-computing machine, pulse information from the machine 
will be decoded to enable the required spot positions to be 
selected. Each position or graphical point must be held activated 
for a short period sufficient for photographic recording. Thus, 
in certain circumstances, the operating rate of the computer may 
be seriously reduced in order to match the operating rate of the 
panel as the points are sequentially selected and activated. It 
was decided that if the machine was slowed down for 30sec to 
record a thousand points, the overall economic operation of the 
computer would not be significantly impaired. Allowing for 
decoding and selection time each point may then be activated for, 
say, 20 millisec. With this fixed exposure time the minimum 
phosphor brightness necessary for a photographic record with 
reasonable contrast can be measured. We can then obtain the 
peak-to-peak voltage to provide the above minimum phosphor 
brightness. This voltage will, of course, vary with the frequency 
and waveshape of the applied waveform. The brightness at a 
third of these voltages can now be calculated and the discrimina- 
tion ratio measured as a function of frequency and waveshape 
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Fig. 8.—Discrimination ratio as a function of frequency and waveform. 


(a) Sine-waveforms. 
(6) Square-waveformis. 


(Fig. 8). This gives the interesting result that the discrimination 
is a maximum at 30kc/s for the square-waveform voltage drive, 
and a maximum at 100kc/s for the sine-waveform drive. 


(4.4) Exposure Time and Photographic Recording Material 


The total number of points which may be recorded before 
interference from unselected points is apparent depends on the 
discrimination ratio. In some applications it may be desirable 
to record a large number of points, in which case the brightness 
will have to be reduced to improve the discrimination ratio, and 
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the exposure time accordingly increased. This may be con- 
sidered in more detail as follows: 
From egns. (1) and (3) it will be seen that 


Be B\v? 
ae (=) uk wb of net) 
a a 
At another brightness level, B,, 
” /3 
Sh Sp EES ASS eRe) 
a a 


The new discrimination ratio Dy is thus 
By 0-732 

Di = D'(=) ate Labatt 

= D5 


Therefore, if any brightness level B is halved, ic. By = 4B, 
then, at the expense of doubling the time of photographic 
exposure, the improvement of the discrimination, D;/D’’, is a 
factor of 1-66: 1. 

Conversely, the exposure time may be reduced and the speed 
of output raised if fewer points are to be recorded and the lower 
discrimination ratio can be tolerated. 

The choice of photographic material is essentially a compromise 
between maximum contrast and highest speed, together with the 
consideration of blue-green sensitivity. Operating near the knee 
of the density/exposure characteristic of the material gives a 
further increase (in practice, 10 times) in the overall discrimina- 
tion. To confirm this for an actual system, an early experimental 
8 x 8 array with manual selection was used to record a mono- 
graph (Fig. 9). The selected spots were illuminated for 20 milli- 


Fig. 9.—Electroluminescent monograph recorded by automatic 
mechanical selection. 


sec, whereas the unwanted spots, which all had a one-third 
amplitude voltage across them, were illuminated for 10min, 
which caused the background illumination to be only just 
apparent in the negative (i.e. the overall discrimination in this 
case was better than the calculated .. uc0 : 1). 


(4.5) Simulation of the Operating Conditions of the Electro- 
luminescent Matrix 


The largest discrimination ratio for square-wave voltage drive 
occurs at 30kc/s (Section 4.4). As square waves are easy to 
generate at this frequency and the gating and timing is a well- 
established computer technique, the following experiments were 
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Fig. 10.—Light output pulses. 
(a) Symmetrical applied voltage drive waveform of 150-volt amplitude 
and 30 microsec period. 

(b) Light output due to (a). 

(c) Asymmetrical applied voltage drive waveform. 

(d) Light output due to (c). 
performed to simulate actual operating conditions of the electro- 
luminescent matrix. 

The light output measured by a photomultiplier and amplifier 

when a square wave [Fig. 10(a)] is applied is similar to a series of 
unidirectional ‘differentiated’ pulses [Fig. 10(5)]. After a short 
delay of 0-5 microsec, the phosphor reaches its maximum bright- 
ness in 2 microsec, and the first rapid part of the hyperbolic decay 
has an apparent time-constant of about 10microsec. Alternate 
pulses are of variable amplitude. This is caused by the reflection 
coefficient of the opaque electrode and the transmission coefficient 
of the dielectric and embedded phosphor, as the phosphor 
particles themselves luminesce on alternate faces depending on 
the direction of the applied field.’-!° Variation of the symmetry 
of the applied waveform [Fig. 10(c)] also varies the relative 
amplitudes of the light output pulses [Fig. 10(d)]. Of more 
immediate concern is the variation of integrated light output as 
the symmetry changes. The i.l.o. is a maximum when the wave- 
form is symmetric; however, even for a change as large as 6 : 4 
in the ratio of pulse duration to pulse spacing, the i.l.o. falls by 
only 2% and consequently this effect may be ignored in a practical 
system. 


(4.5.1) Build-up Time of the Electroluminescent Cell. 


In operational use, any particular spot will be selected infre- 
quently. It is thus necessary to know how the i.l.o. varies with 
the interval which has elapsed since it was last selected. An 
electroluminescent cell continuously excited with a 30ke/s 
square-wave drive [Fig. 11(a)] gives light output pulses of the 
form shown in Fig. 11(6). (It is to be noticed that the light 
output does not fall to zero between pulses.) If the cell is left 
for a considerable time (15 hours) [see Fig. 11(0] completely 
different light output pulses [Fig. 11(¢)] occur during the initial 
50 pulses, until the equilibrium light output [Fig. 11(5)] is 
obtained. A light output pulse is absent on the first rising edge. 
It is the build-up of the light pulses, coincident with the rising 
edges of the applied voltage, which reduces the total integrated 
light output for a complete 20 millisec burst of 30kc/s square 
waves. This effect is compatible with the experiments performed 
by Waymouth!! at low frequencies using ballistic-galvanometer 
techniques, and other workers using higher frequencies. !? 
The time (15 hours) was progressively reduced between the 
20 millisec bursts of 30kc/s square waves, and it was found that 


GRAPHICAL-OUTPUT UNIT FOR A DIGITAL COMPUTER 141 


Fig. 11.—Build-up time of cell. 
(2) Continuous voltage drive waveform of 50-volt amplitude and 30 microsec period. 
<7} Light output due to (a). 
ic) Intermittent voltage drive waveform with 15 hour rest period. 
‘@) Light output due to (c). 
(2) Intermittent voltage drive waveform with 25 sec rest period. 
U) Light output due to (e). 


Oo significant change from Fig. 11(d) occurred for rest periods 
reater than 8 min; this time can be reduced still further if an 
afra-red source is allowed to ‘illuminate’ the cell. For periods 
sss than 8min, a light pulse coincident with the first edge is 
pparent and increases in amplitude as this time is reduced. 
5. typical oscillogram when the rest period is only 25sec is 
hown in Fig. 11(/). 

In the present application the integrated light output during 

20 millisec period is of importance during these intermittent 
perating conditions. The effect of the transient conditions 
ecomes more apparent as the pulse repetition frequency of the 
pplied waveform is decreased. This is to be expected since the 
umber of pulses during the build-up period becomes an appre- 
iable fraction of the total number in any 20 millisec period. In 
act, the i.l.o. falls to half the ‘continuous’ value at Skc/s. The 
atio of this transient i.l.o. to the continuous i.l.o. can be plotted 
or various pulse repetition frequencies and waveshapes (Fig. 12), 
nd the curve (a) of this ratio for a typical selected intersection 
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ig 12.—Integrated light output: ratio of intermittent operation to 
continuous operation for various pulse repetition frequencies. 


(a) Typical selected intersection voltage V. ba 
(b) Typical intersection voltage 4V at an unselected position. 


voltage V approaches unity asymptotically as the p.r.f. is 
increased. It will be seen that for an intermittent p.r.f. of, say, 
Ske/s the light output for voltage V is only 50% of the con- 
tinuous value, whereas for a voltage 4V, curve (b), the intermittent 
light output is almost equal to the continuous value. Thus, 
the previously calculated discrimination ratios in this case are 
reduced by 50%. In order to prevent this reduction of dis- 
crimination ratio, a high pulse repetition frequency is therefore 
desirable. 


(4.5.2) Waveforms during Change-over. 


Electroluminescent cells with the phosphor suspended in 
insulating dielectric are sensitive to variations in electric field 
only; the superposition of a steady field does not affect the 
brightness/voltage characteristic. In Fig. 13 the waveforms (a), 
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Fig. 13.—Waveforms during change-over. 


(a) «-waveform. 

(6) @-waveform. 

(c) A-waveform. 

(d) B-waveform. 

(e) Drive waveform along selected co-ordinate. 

(f) B-waveform. 

(g) Electric field across cell due to (e) and (/) waveforms. 
(A) Light output due to (g). 

(j) Drive waveform along selected co-ordinate. 

(k) @-waveform. 

(J) Electric field across cell due to (j) and (k) waveforms. 
(m) Light output due to (/). 
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(6), (c) and (d) represent the amplitude and phasing of the 
waveforms «, 8, A and B (Fig. 5); no d.c. components have been 
recorded. Confining our attention to an unselected spot lying 
on a selected co-ordinate, the waveforms [Figs. 13(e) and 13(f)] 
satisfy the V to $V method of operating the matrix and are 
shown before, during and after a change-over period. The 
applied electric field across the unselected spot due to (e) and ( f) 
can be seen in(g). 

If, however, driving waveforms of the type (j) and (k) are used 
which still satisfy the V to +V method of operation, the field 
across the cell is shown by (J); but a field change of this type 
causes a series of decaying light output pulses shown by (mm) at 
each transient change-over. These transients which occur along 
each selected co-ordinate would reduce the discrimination ratio 
for the whole panel. It is thus essential to arrange a symmetrical 
change-over, as illustrated in types (e), (f) and (g), since no 
transient light output pulses then occur [see curve (/)]. Some 
of the panels, in particular the very thin ones with poor insula- 
tion resistance, exhibit a small amount of d.c. electroluminescence. 
It is thus desirable to ensure that the d.c. component of the 
electric field is also a minimum if the brightness/alternating- 
voltage characteristic is to remain unmodified; further, the risk 
of cell breakdown is reduced. 


(5) X AND Y CO-ORDINATE SELECTION 


The selection of the 512X and the 512Y co-ordinates presents 
a formidable problem. More elegant schemes than the one to 
be described are being pursued, and it is hoped to publish these 
at a later date. In the present scheme the selection equipment 
is divided into two parts, relays being used for low-speed 
selection of 16 groups of 32 conductors, and individuals in each 
group of 32 conductors being selected by high-speed electronic 
circuits. As the graphs recorded will usually be continuous 
curves, the longer change-over time, which will occur relatively 
infrequently, will not seriously hold up the computer. Facilities 
for ‘drawing’ axes quickly may be arranged by non-selection of 
one set of co-ordinates and supplying a driving waveform to 
all the co-ordinates instead of the bias waveform. A normal 
selection of one of the other co-ordinates will cause 512 spots 
along a line to be simultaneously recorded. It is also easy to 
arrange for scaling markers along the axis to be rapidly recorded. 


(6) THE PROTOTYPE MATRIX 


After the initial experiments with 8 x 8 arrays of 1mm square 
‘spots’, prototype units with 128 x 128, i.e. 16384 spots at 50 
to the inch were constructed. The spot size is slightly larger than 
in the final 512 < 512 panel, in which the conductors are spaced 
72 to the inch, but all the production techniques developed on 
the smaller project were directly applicable to the larger panel. 
A complete 128 x 128 panel is shown in Fig. 4. With this 
method of construction a single sheet of glass supports both sets 
of conducting flags for the conductors on either side of the 
phosphor. As an example of the resolution of the prototype, 
eight groups of eight conductors on both axes have been selected 
simultaneously and the luminescent pattern photographed, 
giving 64 spots at each major intersection (Fig. 14). 

The final array is in an advanced state of construction; an 
accurate master negative has been made, and a larger evaporation 
plant with a rotatable substrate holder is now in operation. It is 
hoped that the completed unit will be installed in late 1957, soon 
after the Mark II Mercury computer is delivered to the 
Department. 


(7) CONCLUSION 


It has been demonstrated that an electroluminescent panel 
with co-ordinate selection of more than 250 points to the square 
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Fig. 14.—Symmetrically illuminated prototype array. 


inch is a practical proposition. A discrimination ratio of bright-| 
ness levels between wanted and unwanted spot positions, due to’ 
the co-ordinate method of selection, has been found to depend | 
upon the pulse repetition frequency, waveshape and inter-| 
mittency of operation of the driving voltage waveforms. This 
ratio also depends upon the operating brightness level and, | 
using a biasing technique on the unselected co-ordinates, allows | 
at least 1000 spot positions to be photographically recorded in 
30sec. The accuracy of a graphical record so produced is of a 
very high order, as it is dependent upon a master negative which 
has been mechanically fabricated. Furthermore, the long-term ' 
stability is excellent and any replacement panels will be identical. 
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DISCUSSION BEFORE THE MEASUREMENT AND CONTROL SECTION, 


Mr. W. S. Elliott: The three papers deal with different ideas 
and techniques for improving the design and usefulness of 
electronic computers, and it is interesting to inquire whether 
they point a path in which technique is going. In making such 
an assessment, we might ask whether a technique is an improve- 
ment from the point of view of lower production cost of com- 
puters of given capacity, or of making their use easier, or of 
increasing their serviceability. 

The object of the paper by Dr. Wilkes, Mr. Renwick and 
Dr. Wheeler is given in Section 1 as the simplification of overall 
structure of the control unit, whatever the machine order code. 
When the idea was first published by Dr. Wilkes in 1951, a 
facility to change a machine order code completely might have 
seemed highly desirable. Dr. Wilkes now considers that codes 
will not be changed after a machine is passed out. 

Perhaps the authors would say whether they envisage machines 
with two or even more matrices, e.g. one for scientific and one 
for business operations, selected by switching. I would think 
that the enormous advantage of this design method is that it is 
straightforward to manufacture and to maintain. Comments 
by the authors on the ease or otherwise of ‘knitting’ the matrix 
would be welcome. 

The authors say that most of the discussion is equally appli- 
cable to the design of the control units of machines of other types. 
Would they say how the method would apply to the control 
units of serial binary and perhaps of parallel-bit serial character 
machines? Do they believe that some advantages would be 
achieved ? 

Referring to the paper by Messrs. Maclean and Aspinall, it 
is known that Dr. Svoboda has been very interested in the pos- 
sible use of the residue-number system, but there appears to be 
no publication by him. Could-the authors tell us if he is actually 
using this number system? 

The paper might profitably have given some consideration to 
the possible use of the residue-number system applied to the 
whole of the number representation in a parallel binary 
machine, e.g. in the design of a digital computer for real-time 
control purposes, in which numbers are not large. 

So far as the general improvement in the art is concerned, it 
is a little difficult to assess the value of a design for an individual 
adder which is given out of context of a complete machine. 

It is generally thought that core techniques offer permanent 
and trouble-free circuits. However, the techniques used by the 
authors involves several windings per core, each of 40 turns of 
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(10) APPENDIX: PHOTOMULTIPLIER, AMPLIFIER, INTE: 
GRATING AND CLAMP CIRCUITS (Figs. 15 and 16) {\ 
Circuit diagrams are shown in Figs. 15 and 16. The oe 
multiplier was used for its considerable amplification and subse- 
quent circuit simplification. Care was taken so that the effect of): 
ageing of the multiplier did not invalidate the experimental results, | 
the overall sensitivity being checked by the standard light SOUICE 
technique. The multiplier anode signal is fed into an anode-| 
follower/cathode-follower circuit to provide current amplification || 
and low output impedance. The circuit is conventional, but it 
may be indicated that as the first stage accepts negative signals 
the anode-follower is only lightly biased. The integrator accepts 
positive signals and is biased accordingly; because of this the! 
compensating triode is operated with a low anode voltage to 
increase the mutual conductance for a given anode current. The] 
bootstrap connection between the cathode-follower and the 
anode load of the integrating stage enhances the low-frequency) 
response. The clamp resets the input grid and output potentials, 
the d.c. level of the output having first been preset so that its 
potential is zero when the integrator input is earthed. 
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48 s.w.g. wire, through an aperture of 14mm diameter. Is it 
significant that the authors state in the paper that ‘the “t 
components which have failed are several of the cores whi 
developed open-circuit windings shortly after installation’ ? 

This paper has served a very important function in craig 
attention to the residue-number system. It would be a 
to hear more on the advantages of using that system in a com-) 
plete computer. | 

Turning to the paper by Dr. Kilburn, Dr. Hoffman and Mr. 
Hayes, I am interested in the need for graphical output of the’ 
high accuracy afforded by the technique described. I wonder 
if an accuracy greater than that which can be provided by a} 
cathode-ray tube and analogue/digital convertor can be made) 
use of by visual assessment. The authors say that with the! 
cathode-ray-tube method a complete trace of 1000 spot positions | 
can be completed in a few seconds, and I think there are equip-| 
ments available which will complete a trace of that number of 
spots in less than one second. 

Dr. D. J. Truslove: I shall confine my remarks to the paper 
by Dr. Kilburn, Dr. Hoffman and Mr. Hayes. The authors 
state that 1000 spot positions may be recorded in 30sec, com- 
pared with the 700 microsec required by a commercial cathode- 
ray-tube output recorder. The equipment has a 21in tube for: 
visual observation and a 7in tube, whose accuracy is better 
than 0-1% full-scale, for photographic recording. ‘This accuracy 
is probably sufficient for an analogue output. 

A recent paper* describes a circuit which offers considerable 
Saving in c.r.t. systems. The new equipment has maintained an: 
accuracy of 0-1% over 39 hours. 

A fast computer works in a time scale of microseconds. For | 
one particular computer, 30sec represents over one million 
additions of two 36-bit binary numbers, at a cost of about 15s. 
Thus it appears desirable that the electroluminescent output unit. 
should be run as an off-line recorder, rather than directly from a 
computer. Have the authors considered interleaved pro- 
gramming, so that the machine could be fully occupied while a 
graphical output was being obtained? 

The authors claim that the main advantage of the unit lies in 
its high accuracy. I would like them to explain in what circum- 
stances this accuracy is required. There appear to be two main 
uses for an analogue output: first, to locate singular points in a 
solution, and secondly, to provide semi-technical illustrations. 


* SmMuRA, E. J.: ‘A Set Biome? Current Decoder’, IBM Journal of Research and 
Development, October, 1957 


DISCUSSION ON THREE PAPERS ON DIGITAL-COMPUTER TECHNIQUES 


During the Digital Computer Convention, Mr. Tizard* men- 
ioned that the National Physical Laboratory were designing a 
ew digital-analogue plotter. Perhaps we could have news of 
neir progress. 

_ In Fig. 12, curve (5) indicates that the integrated light output 
i.l.o.) intermittent operation may exceed the i.l.o. continuous 
speration. The reason for this is not obvious and no explana- 
10n is given. 

_ Mr. D. M. Taub: Referring to the paper by Dr. Wilkes, Mr. 
tenwick and Dr. Wheeler, in the control method described, a 
egister is followed by a decoder which gives a signal on one 
jut of 2 leads in the case of the diode matrix system, or switches 
me out of 7 cores, where n is the total number of order steps. 
fhe decoder is followed by two coders, a ‘gates’ coder, which 
vasses the signal to the required combination of gates, and a 
next step’ coder, which passes it to the combination of stages 
1 the register corresponding to the following step. 

_ The method is elegant and completely general, but is not the 
aost economical where diode matrices are used. Possible 
cconomies occur mainly in the ‘next step’ coder. For the most 
,art, the operation steps follow one another in a definite sequence, 
wid the register may thus be arranged as a counting circuit. 
rhe ‘next step’ coder is then required only where there is a 
hange in the normal sequence. The method is shown in Fig. A, 
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jig. AAA control system using a counting register and diode matrices. 


vhich corresponds to Fig. 1 in the paper. The input pulse 
asses through the decoder and matrix A to operate the required 
jombination of gates in the normal way. Where the next step 
s not determined by the state of the arithmetic circuits, the input 
yulse also passes through the delay circuit d, and gate g, to the 
younting input of the register. Lead S corresponds to a step 
vhere there may be a change of sequence depending on the state 
'f a bistable circuit F in the arithmetic unit. On this step, if F 
jontains a ‘0’ there will be no output from g,, and the register 
vill therefore count as before. If F is at ‘1’, gy will produce an 
jutput signal which, after passing through delay circuit db, 
nhibits g,, so preventing the register from counting. , The 
1gnal from g, also passes through matrix B and a delay circuit 
9 set the register in the manner described in the paper. 

Another way in which economies can often be made is to 
livide the gates into groups, and as far as possible arrange the 
der code so that a group is associated with a particular stage 
a the register. That stage may then be wired directly to the 
ales concerned without the intervening decoding and coding. 
-©omparing the diode and ferrite-core systems described in 
ne paper, it can be seen that the effect of a coder diode is obtained 
nevely by threading a wire through an already existing core, 
“e core forming part of the decoder. The fact that this is 
ove more often than strictly necessary is of little consequence, 
wsidering the complete generality and flexibility that result. 


: : P ; Saeed Cone 
-* Discussion on ‘Computer Input and Output, including Analogue-Digita 
©. on’, Proceedings I.E.E., April, 1956, 103 B, Suppl. 3, p. 448. 


VoL. 105, PART B. 


145 


Mr. K. L. Smith: In the paper by Dr. Wilkes, Mr. Renwick 
and Dr. Wheeler, the sequential nature of the steps involved in 
the execution of an order suggests that simplification would 
result from wiring the cores ‘in line’ instead of in a matrix. The 
arrangement I have in mind is based on the magnetic shift- 
register. The sequence would commence by inserting a first 
pulse into the appropriate stage of the shift register, and the 
sequence of steps would be provided by this and the following 
stages as they were successively set and reset by the marker pulse 
and shifting drive. The same number of cores is required as 
for the matrix, but the drive is reduced to two valves; the selection 
is simpler, since each core feeds the next in line and is reset by one 
shift winding. The only limit to the number of cores driven 
by one drive valve is set by the delay and back-e.m.f. caused 
by the leakage inductance of the shift windings, but these can 
be reduced by increasing the drive current. 

Any of the branching methods described for the matrix can 
be used in the shift-register. 

Regarding the paper by Messrs. Maclean and Aspinall, 
the design of re-standardizing logical elements seems unduly 
influenced by the original ferrite-core devices, since most employ 
2-beat operation involving distinct ‘set’ and ‘clear’ sequences 
and so can provide only one logical operation in the basic timing 
period. This normally restricts their use in binary-coded decimal 
and sterling adders, where the carry propagation problem causes 
more logical elements to be used as simple stores, to maintain 
correct phase relationships, than to perform the actual logic. 
The addition-table technique provides an elegant solution to the 
carry propagation problem, but what are the difficulties of 
extending its use to multi-radix operation? I suggest there is a 
need for a universal re-standardizing logical element from which 
the output is available almost immediately on the presentation 
of the input, so allowing several logical operations in the basic 
timing period and eliminating the phasing delays. Any logical 
device involving summation of flux or charge, either of which 
involves a subsequent resetting, is clearly not acceptable. Simple 
diode logic and the transistor ‘nor’ type circuit have suitable 
characteristics and could possibly be combined in a new element. 

Mr. D. W. Willis: I refer to the paper by Dr. Wilkes, Mr. 
Renwick and Dr. Wheeler. 

There is obviously much interest in the method of sequencing 
described, and in preference to the generalized address system, 
in which the address of the next wire to be stimulated can be 
chosen without restriction and in which the conditional jump 
is a simple extension, many speakers choose the particular system 
in which the address is normally advanced by one and the 
conditional jump is a special case. 

It would be interesting to know in what proportion of the 
steps in the system described in the paper the next address is 
fixed, and in what proportion the next address is conditional. 

Dr. T. B. Tomlinson: [I should like to comment on the paper 
by Dr. Kilburn, Dr. Hoffman and Mr. Hayes with regard to the 
brightness discrimination, in which I also have been interested. 

The authors improve the discrimination by operating at low 
voltage and reduced brightness. The scheme which I have 
suggested includes an additional layer of granular semi-con- 
ducting material, e.g. cadmium sulphide activated with chlorine, 
between the electroluminescent layer and the top (non-transparent) 
electrodes. This additional layer is rather thicker than the 
electroluminescent layer and acts substantially as a non-linear 
resistance, the current through it increasing approximately as the 
fourth power of thevoltageacross it. Theelectroluminescentlayer 
acts almost as a perfect capacitor, independent of applied voltage. 

It is arranged that the resistance of the semi-conducting layer 
is at least equal to, and preferably greater than, the reactance of 
the electroluminescent layer when the full operating voltage is 
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applied. Where the ‘one-third’ voltage appears across unwanted 
intersections the resistance of the intermediate layer is much 
greater because of the fourth-power law, and the voltage appear- 
ing across the electroluminescent layer is greatly reduced. The 
new voltage ratio tends to a limiting value of 34 as the thickness 
of the intermediate layer is increased ; a much improved brightness 
ratio results. 

The authors suggest that there might be some possibility of 
using evaporated layers in the future. May I, without wishing 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Dr. Wilkes, Mr. Renwick, and Dr. Wheeler (in reply): We 
discuss in the paper a number of schemes for the design of the 
control unit of an otherwise conventional digital computer. 
These are to be regarded as alternative to the more usual schemes. 
We have never ourselves attached great importance to the idea 
of providing separate control matrices for use in solving different 
classes of problem. Mr. Elliott mentions the possibility of 
providing one control matrix for scientific applications and one 
for business applications. We feel, however, that the require- 
ments for the two sets of applications are not fundamentally 
different, and that a complete set of instructions covering both 
can be provided with a single control matrix of sufficient size. 

The operation of ‘knitting’ even a large matrix is not a great 
task compared with the total amount of work involved in the 
construction of a digital computer. The making of minor cor- 
rections and alterations has turned out to be surprisingly 
straightforward, even in a matrix containing 32 rows and 
32 columns. 

The ideas described in the paper can be applied to the design 
of a control system for a serial machine. In this case, the 
outputs of matrix A are not used to control directly gates in the 
machine. Instead they control the passage of waveforms syn- 
chronized to the clock-pulse generator and having appropriate 
starting times and durations. 

Various modifications of the systems we have described are 
possible. There are, in addition, a variety of other systems, 
some of which are mentioned in the discussion, which also make 
use of diodes or magnetic cores, although most of these do not 
perhaps go as far as ours in meeting the objectives specified in 
the third paragraph of the introduction to our paper. One 
should beware of attempting to simplify the control matrix of 
the system shown in Fig. 1 (for example) at the expense of pro- 
viding equivalent diode switching circuits elsewhere. 

Several speakers have assumed that during the execution of 
an instruction the steps follow one another in an invariable 
order, except for the rare occurrence of a conditional or branch- 
ing point. This would be so if conditional steps occurred only 
in such operations as multiplication, where the action depends 
on whether a certain digit ina number isaQ oral. In practice, 
however, conditional steps are also introduced in order to enable 
sub-sequences of operations which occur in more than one in- 
struction to be performed by the same set of cores in the control 
matrix. For example, in the control matrix of Edsac 2 the 
same division sub-sequence is used both for fixed-point division 
and for floating-point division, switching to and from the subse- 
quence being effected by means of conditional cores. The result 
is that, in the control matrix of Edsac 2, two out of every seven 
intersections are conditional, which means that one out of every 
two cores is conditional. We doubt, therefore, if the scheme 
suggested by Mr. Taub would lead to any great saving, especially 
in view of the fact that a counter must be provided to control the 
decoding tree instead of a simple register. 

Messrs. Maclean and Aspinall (in reply): We understand that 
Dr. Svoboda is considering the logic of a computing machine 


show that evaporated phosphor layers are only weakly fluorescent 
unless they are given a subsequent heat treatment to improve 
the crystal structure. This necessitates a substrate with a thermal 
coefficient of expansion matching that of the fluorescent layer 
and may add considerable difficulty to electrode construction. 
Also, the phenomenon of electroluminescence takes a different |) 
form in single-crystal material and does not depend on thickness. 
in the same way as for powder layers. 


, 
to be discouraging, give a note of warning? Early experiments 


based upon the residue-number system, but do not knoll f 
whether he is contemplating the construction of such a machine. | 
The dilemma associated with the application of this number 
system to computing machines is as follows: if one is to repre- | 
sent large numbers the number of moduli chosen must also be } 
large, and the difficulty of identifying these numbers increases as | 
the number of moduli increases. In any computer based on this 
system there must be a limit to this number of moduli which } 
is used, and special provision will have to be made to identify | 
numbers which are greater than the lowest common multiple | 
of the moduli. | 
Whilst the residue-number system has certain advantages in © 
this exercise, it is felt that the system is inflexible and not imme- ; 
diately applicable to the design of a general computing machine. | 
The technique of placing the windings on the core by hand | 
requires a certain amount of experience. Early cores were / 
prone to failure because of faulty winding, most of the failures” 
occurring immediately after installation. When the adder was, 4 
completed it underwent tests and was in operation for a con- | 
siderable time. No failures due to faulty 48 s.w.g. wires occu 
during this time. 
Dr. Kilburn, Dr. Hoffman and Mr. Hayes (in reply): In reply tai 
Mr. Elliot and Dr. Truslove we should like to distinguish) 
between three states, namely J 


(i) Maximum speed of an output equipment in isolation. 
(ii) Maximum speed of output obtained when the same ~ 

output equipment is connected to a computer. 
(iii) Speed of output really required. 


In state (i) we realize that spot positions can be recorded at 
the rate of about one per microsecond on a cathode-ray tube. | 
We should, however, be very surprised if this were maintained — 
in a commercial equipment in state (ii), and even more surprised | 
if this rate were really required. If, as we believe, it is not - 
required at present, Dr. Truslove’s costing at 15s. per photo- | 
graph and his remarks about off-line recording and interleaved 
programming are irrelevant. . 

It is perhaps worth noting that the speed of 1000 spot posi- 
tions in 30sec, quoted for the present electroluminescent panel, | 
is equivalent to 200 decimal digits per second. 

Both Mr. Elliot and Dr. Truslove are critical of the accuracy — 
feature of the electroluminescent panel. Yet it would appear 
from their remarks that both are concerned about accuracy, Mr. 
Elliot being content with ‘that which can be provided by a 
cathode-ray tube and analogue/digital convertor’ and Dr. 
Truslove with ‘an accuracy of 0-1% over 39 hours’. We, in 
our turn, are content from the engineering and maintenance 
point of view to forget accuracy now that the master negative 
has been made, and from the users’ point of view are content 
that a given point is always in the same place. 

In reply to Dr. Tomlinson, we find ourselves in agreement with 
his interesting suggestion. Recently considerable progress has 
been made on evaporated phosphor layers, so we do not despair 
too soon of the difficulties which we may encounter. 
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SUMMARY 


The paper describes a new design technique for directional couplers 
a printed strip-above-ground microwave transmission system 
inicrostrip). The two transmission lines are mounted back to back 
ad coupled through slots in the common ground plane. The coupling 
.ctors of isolated slots of different shape are calculated and are 
und to be in good agreement with measured results. A specific 
ssign of 3dB coupler is described in which the coupling mechanism 
nsists of 50 transverse slots graded in length. By grading the phase 
clocity in one of the two lines a power split equal within 1dB over 
xe band 2 800-4 300 Mc/s is achieved. 


(1) INTRODUCTION 


The adoption of printed strip transmission lines,!»? as a 
erlacement for conventional hollow waveguide or coaxial 
ble, has necessitated the development of a variety of com- 
ponents, including directional couplers.* So far, only two types 
ave been described in the literature. In the first,4 shown in 
sig. 1(a), the two strip conductors are run side by side in close 
«oximity over a distance of several centimetres, the necessary 
bupling occurring through fringe-field interaction. This arrange- 
ent has the merit of extreme simplicity but at the same time 
ers from several disadvantages. In the first place, it is 
fifficult to obtain tight coupling unless the conductors are very 
ose (e.g. less than 0-5mm apart) or the coupling section very 
mg (e.g. several wavelengths). Secondly, there is evidence 
aat the coupled section can resonate in a balanced twin-strip 
node. This produces erractic variations in directivity similar to 
ae long-slot effect in long-slot directional-couplers in wave- 
uide. A method for overcoming this has been suggested but 
aere still remains the third and most pertinent objection, namely 
e difficulty of controlling both the phase-change coefficient 
ad the coupling factor in a prescribed manner. 
"The second type of coupler, illustrated in Fig. 1(5), is that 
nown as the branched-arm coupler.” This has certain advan- 
les over the parallel-line coupler. However, if a high value of 
drectivity over a large bandwidth is required, the number of 
wanches becomes rather large (e.g. more than 3) and the 
impedance of the outer arms tends to become higher than can 
pnyeniently be realized in this or any similar form of construction 
t.g. more than 150 ohms). 
' These considerations suggested that the arrangement shown 
i Fig. 1(c), where the two lines are mounted back to back, might 
ave many advantages. Coupling is achieved by means of slots 
irinted in the common ground plane. By a suitable choice as 
» size and position of the coupling holes, a wide variation in 
pupling strength is possible. Moreover, according to the shape 
f che hole, either forward or reverse directivity can be obtained. 


(2) SINGLE-SLOT COUPLING 
(2.1) Outline of Theory 


The procedure adopted for calculating the coupling coefficient 
f = single slot is described in greater detail in Section 7. The 
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Fig. 1.—Different forms of microstrip directional coupler. 


(a) Parallel-line coupler. 
(6) Branched-arm coupler. 
(c) Back-to-back slot-coupled coupler. 


approach is quite classical> and differs from the technique used 
for hollow waveguide in one major respect only. Since no 
solution in analytic form has as yet been derived for the electro- 
magnetic field in a practical dielectric-sheet-supported micro- 
strip line, it is necessary to resort to one or other of several 
possible artifices. For a centrally located slot whose transverse 
dimension is small compared to the width of the strip conductor, 
the method first proposed by A. A. Oliner’? has been adopted. 
This is illustrated in Fig. 2; the transmission line of Fig. 2(a) 
is replaced by a fictitious line, as shown in Fig. 2(5), in which 
the dimension f/ is maintained but the width b’ is chosen to make 
the characteristic impedance of the two lines identical. The 
impedance of the true line may be found in Reference 6, and the 
impedance of the fictitious line is given quite simply by 


h 
Lo = Galea)” . : . . * (1) 
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Fig. 2.—Approximation involved in calculating coupling factor. 


(a) Actual microstrip line. 
(6) Artificial line. 
b’ > b, to give same Zp as for (a), 


bo > db 


where pg and eg are the magnetic permeability and dielectric 
constant of the dielectric medium. The general theory of energy 
radiation through small holes> may now be applied in the usual 
manner. Provided that certain limitations are observed in 
regard to the thickness of the common ground plane and the 
size of the holes, the degree of approximation involved in this 
method of analysis is small. 

For slots whose transverse dimension is equal to or larger 
than the strip conductor width it is necessary to take into account 
the transverse variation in field across the slot. In the absence 
of any more precise data it has been found convenient to employ 
the numerical data given in Fig. 12 of Reference 6, which were 
obtained from measurements made on an electrolytic tank. In 
using these results three approximations were involved. First, 
the data used relate to a line immersed in a homogeneous 
dielectric medium and therefore neglect the modifying effect of 
the dielectric interface. Secondly, there exists a small discre- 
pancy in regard to the actual proportions of the line. Thirdly, 
in order that the classical small-hole theory may be applied in 
a straightforward manner, it is necessary to assume that the 
field across the slot is constant with an effective value equal to 
the average value. Fortunately it is rarely necessary in practice 
to use slots having a transverse dimension greater than the strip 
conductor width by more than about 50%, in which case the 
approximations involved are not in themselves likely to cause 
any very serious discrepancy. 


(2.2) Experimental Results 


The following experimental technique was used. Two speci- 
mens of microstrip line were prepared from copper-clad p.t.f.e.- 
impregnated Fibreglass, each involving a straight run of con- 
ductor approximately 14cm long. A certain area of copper foil, 
larger than the largest slot, was stripped off each ground plane. 
The two lines were then clamped firmly back to back, with a 
thin piece of copper foil in between, in which had been punched 
a slot of the desired size and shape. Locating holes and screws 
were provided to ensure that the component pieces were always 
replaced in the same relative positions each time the dimensions 
of the coupling slot were modified. 


Fig. 3.—Coupling through a single symmetrically located circular slot. 


Test frequency, 4000 Mc/s. 


circular slot measured at 4000 Mc/s. 
measured by reducing the slot size to zero, under which condition © 


curve calculated from formulae derived in Section 7, but in | 
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To minimize effect of dissipation coupling is taken as E3/E2 rather than E3/Ej. 


Fig. 3 shows the results for a single symmetrically located 
The stray coupling was 


the coupling was too small to be measured, i.e. it was at least 
60dB down. Also shown in Fig. 3 is the theoretically computed ° 


principle applicable only to very small holes. The agreement is 

reasonable in view of the limitations in both the experimental » 

technique and the theoretical analysis. ) 
An experiment was also conducted in which the angle between ° 


the two microstrip lines was varied between 0° and 90°, thus 
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Fig. 4.—Bethe-Hole coupler. 


To minimize effect of dissipation, coupling is referred to E> rather than E,. Test | 
frequency, 4000 Mc/s. ‘ 
(a) Backward coupling, 20 logyo(E3/E>). 
(6) Forward coupling, 20 logio(E4/E»). 
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constituting a Bethe-Hole coupler.’ The results are illustrated 
n Fig. 4. Contrary to theory, no very sharp minimum was 
ybserved, but this may be because of the excessive size of the 
coupling hole necessary for a satisfactory measurement of 
jirectivity. Moreover, minimum transmission does not occur at 
quite the angle predicted from eqn. (16) (Section 7), namely 79°. 
Experimental results for transverse rectangular slots are given 
m Fig. 5. These have the advantage over circular slots that, for 
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Fig. 5.—Coupling through a transverse rectangular slot. 
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practical purposes, coupling takes place as a result of excitation 
sy the transverse component of the magnetic field only; excitation 
py the transverse component of the electric field or by any 
ypurious longitudinal components is equally quite negligible. 
As a result the directivity is small, and generally in the forward 
firection, which is an advantage in so far as multi-slot couplers 
weconcerned. Resonances may occur if the transverse dimension 
pf the slot is too large, but in general such wide slots are not 
jequired. Taking into account certain approximations in the 
theoretical analysis and limitations in the measuring technique, 
lhe agreement indicated in Fig. 5 is again quite reasonable. 


(3) MULTI-SLOT DIRECTIONAL COUPLERS 
(3.1) Outline of Theory 


As is well known, high values of both directivity and coupling 
nay be obtained by the use of a multiplicity of slots. S. E. 
Miller has treated this problem from a very general point of 
riew,!° and it is his approach that is used in this paper (Section 8). 
7irst, a continuous coupling mechanism described by some 
elatively simple analytic function is assumed. Miller has 
abulated curves of directivity for a number of such functions, 
hree of which are shown in Fig. 6. The parameter 6 is the mean 
lestrical length of the coupled section, in the present instance 
T&M propagation) a linear function of frequency. Assuming 
hat moderate directivities between 20 and 30dB are considered 
atisfactory and that the operating bandwidth is limited to a 
atio of approximately 2:1, the third distribution has the 
<ivantage of the shortest coupling length. The next step is to 
ep‘ace the continuous coupling function by a series of discrete 
lements. Two methods are possible, namely equal-strength 
©@ plings with variable spacing, or variable-strength couplings 
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Fig. 6.—Some typical directivity functions. 


(a) Uniform coupling. 
(b) Linear taper coupling. 
(c) Two superimposed uniform couplings. 


with constant spacing. The first case, treated in some detail by 
Miller,!° is of special interest when the slots have to be prepared 
by a machining process, in that only one type of tool is required. 
However, with printed-circuit techniques no such limitation 
exists, and it is preferable to take advantage of the higher effi- 
ciency offered by the second alternative. From data given by 
Miller it appears that quantization into about eight discrete 
couplings will give a reasonable approximation to the desired 
directivity curve, provided that the electrical length at the 
highest frequency does not exceed 477. It is preferable, however, 
to use a rather larger number; this is of little consequence since 
the number of printed slots has virtually no effect on the final 
cost of the component. 

The required coupling strength of the individual slots is cal- 
culated from eqn. (25) of Section 8.2. For reasons outlined in 
Section 2.2 a transverse rectangular slot is preferred. Control 
of coupling may be achieved by varying either the longitudinal 
or the transverse dimension of the slot, but the latter is simpler. 

When calculating the desired size of the slot it is essential to 
take into account the variation of coupling with frequency. 
Eqns. (11) and (12) of Section 7 show that the coupling factor 
of a single slot is a simple linear function of frequency. From 
eqn. (23) of Section 8.2 it follows that in this case the overall 
coupling factor will vary sinusoidally with frequency. For a 
small coupling coefficient this variation is 6dB per octave, which 
is rather more than can be tolerated in many applications. 

Fortunately there exists a relatively simple method of reducing 
this frequency variation. It is shown in Section 8.2 that if the 
two transmission lines are made to have different phase velocities 
the energy exchange is still periodic. but the period is modified 
and a complete exchange of energy never occurs. For the case 
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of uniform coupling and uniform phase velocities the principal 


parameter is 
q = 4/8; — Palle (2) 


where f; and f, are the phase-change coefficients of the two 
lines (radians per metre) and c is the distributed coupling coefh- 
cient in the same units. 

Neglecting dissipation, optimum performance will be obtained 
when gq is chosen to ensure the following condition at mid-band: 


ch/(1 + q?) = 2/2 (3) 


where 7 is the length of the coupled section. This has been 
plotted in Fig. 7. Application of this method to the design of a 
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Fig. 7.—Design curve for optimum phase compensation. 
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Fig. 8.—Optimum phase-compensated 3 dB coupler. 


Theoretical performance for a given bandwidth ratio of 1:68 : 1. 


3dB directional coupler with a bandwidth ratio of 1:64: 1 is 
shown in Fig. 8, from which it can be seen that the total variation 
can be reduced, in theory at least, from —2°0 + 1:3dB to 
only 0:3 dB. 

Uniform coupling is of little practical interest, since it leads 
to rather low values of directivity unless the coupled section is 
exceptionally long. However Miller’s solution for uniform 
coupling is also valid for the non-uniform case, provided that 
the factor q is maintained constant along the coupled section. 
The coupling characteristic as a function of frequency will then 


be identical to that for a uniform section having the same values. 


I I 
of i gdx and J cdx. The change in |8, — B2| may be abrupt 
0 


seriously impaired thereby. 


(3.2) Experimental Results 
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I 
or gradual, but some care is necessary to avoid provoking unde- | 
sirable reflections since the directivity of the coupler will be | 


In constructing these experimental couplers it was found con- | 


venient to use a master slotted section comprising 100 equally | 
spaced transverse rectangular slots over a length of 20cm, the | 
slot dimensions being 3cm in the transverse direction and } 
The master pattern was obtained by 


0-254 mm longitudinally. 
photographing an accurately machined ebonite block. The 
ground plane of one line is etched with this pattern and then a 


copper foil mask is used to restrict the coupling so as to obtain | 


the desired coupling function. For reliable results it is necessary 


to solder the mask in position, carefully removing all surplus | 
solder. The ground plane is stripped off the second line and the | 


two microstrip lines are clamped firmly back to back. Other 
experimental techniques have been tried but this proved the 
quickest and most reliable. Once the design has been finalized, 


however, it is preferable to etch the exact pattern of slots required _ 
and thus obviate the use of a mask. Bey 


Attention will be concentrated on the 3 dB coupler illustrated 
n Fig. 9. It consists of two microstrip lines mounted back to 
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Fig. 9.—Experimental phase-compensated 3 dB coupler. 


(a) Plan view of upper surface. 
(b) Successive cross-sections. 


back, one of which has its dielectric support progressively cut 
away so that at the centre of the section the phase-change 
coefficient is virtually that for an air-spaced line. The coupling 
slots are likewise tapered in magnitude so that the factor q is 
maintained roughly constant along the length of the section. 
The overall length of the coupled section is only 10cm. . 

The design parameters, based on a mid-band frequency of 
3500 Mc/s, are as follows. The optimum value of g = 0-93, 
determined from Fig. Pikes a mid-band value of integrated 


coupling strength C; = i) c(x)dx = 1-15 radians. For the fully 


. . 0 
supported Fibreglass line, 8; = 110rad/m, and at the centre of 
the other line f, = 73rad/m, which is the free-space value. 


| 
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Uh at the centre of the coupled section, |B, — B.| = 37rad/m. 
assuming a linear taper for both the coupling factor and the 
ifference of phase-change coefficients, the necessary length of 
ae coupled section works out at 11-6cm, with a peak coupling 
f 20rad/m at the centre. From Fig. 6(b), this gives an 
pected directivity of 26dB at mid-band, with higher values 
ver the rest of the band. 

| In practice it was found convenient to replace the linear tapers 
f the electrical parameters by linear physical tapers. The slot 
width plotted as a function of distance along the coupled section 
ras found to be very nearly linear, except at the extremities 
here the width decreases very rapidly. The simplest approxi- 
ation to this function is therefore a raised linear taper. In 
e case of the velocity taper little data existed and the profile 
vas selected on the basis of a qualitative knowledge of the field. 
’ The initial choice for the transverse dimension of the slot 
vas 7-6mm at the centre tapering to 2-6mm at the ends of 
je section. This arrangement gave too little coupling, parti- 
lularly at the low end of the band, and some empirical adjust- 
vents were therefore necessary. The final slot lengths were 
(‘6mm at the centre and 4-4mm at the end. These adjust- 
ents are quite simple. From a study of the phase relationships 
a the coupled section it is clear that a pro rata increase in 
inupling over the entire section gives a more or less proportionate 
ncrease in coupling at all frequencies. On the other hand, 
easing the coupling at the ends of the section increases the 
wupling at the low-frequency end of the spectrum, and if 
tied far enough will eventually cause a reduction in coupling 
t the upper end of the spectrum. 

| In view of the approximations involved both at the design 
tage and during the subsequent empirical adjustments it is not 
jossible to make an exact comparison with theory. However, 
ne results of Fig. 10 are sufficiently close to the predicted values 
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Fig. 10.—Experimental phase-compensated 3 dB coupler. 
Measured performance over 2 : 1 band. 


» gastify the general technique. The rather large dips in direc- 


iwity are perhaps a little disappointing, but could no doubt be 
vercome by the use of a longer coupling section. 


(4) CONCLUSIONS 
Tae theoretical and experimental results described provide a 
ywad basis for the design of satisfactory directional-couplers in 
cig ostrip. Full use is made of the non-dispersive properties of 
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microstrip to ensure satisfactory performance over a very wide 
band of frequencies. In addition, the coupler has advantages 
over conventional waveguide in regard to size and ease of fabrica- 
tion. No attempt has been made to ensure other than a very 
nominal value of directivity, e.g. 20dB, but there is no doubt 
that this could be improved upon quite substantially. As an 
experimental exercise the 3 dB coupler has provided an interesting 
confirmation of the theoretical principles developed by Miller,!° 
Cook,!! and Louisell,!2 which are applicable also to other types 
of transmission medium. The method of calculating the radia- 
tion through slots in the ground plane should prove useful in the 
design of microstrip antenna systems. 
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(7) APPENDIX: RADIATION THROUGH SMALL HOLES 


The general theory of radiation through small slots is well 
established, hence no attempt will be made to derive the basic 
expressions used in the following analysis which may be found 
elsewhere.3»5 In the present instance the analysis can be limited 
to the situation illustrated in Fig. 11, where two transmission 
lines 1 and 2 intersect at an angle 0 + ¢, the common surface 
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(a) Decoupling, 20 logio |£3/E,|. 
(6) Through loss, 20 logio | £2/£}}. 
(c) Coupling, 20 log | £4/£}|. 


of intersection lying in the zx-plane. For simplicity the principal 
axes of the slot are assumed to coincide with the x- and z-axes. 
Moreover, it will be assumed that each guide can support only 
one mode. 

The symbols employed have the following meanings: 


M,. = Magnetic polarizability of the slot along the x-axis. 
M, = Magnetic polarizability of the slot along the z-axis. 
P = Electric polarizability of the slot (perpendicular to 
the plane of the hole). 
Fin, m2 = Transverse components of the magnetic field in each 
guide at the pointx =y=z=0. 
;, Hj. = Longitudinal components of the magnetic field in 
each guide at the point x = y =z =0. 
Eni, En2 = Electric field in each guide at the point x = y= z=0 
assumed perpendicular to the guide wall. 


The components H,,;, H);, E,; are the unperturbed values 
which would exist in the absence of the slot. The components 
Ay, Hin, E,2 must likewise satisfy the normal mode equations 
for guide 2 

It can be shown that the amplitude transmission coefficients 
A and B of the forward and reverse waves in the second guide are 
given by 


A= Zon Lala regs ae mH — Ej) « (4) 

jv 
B= se Mmttna a mH) ae PE, E,2) (5) 
where Mm = Mm, Cos 6 — m, sin d (6) 
m, = m, cos @ + m, sin d (7) 
and m, = M,(H,,, cos 8 — Hj, sin 0) (8) 
m, = M{H), cos @ + H,,1 sin 6) (9) 


The term S is a normalizing factor proportional to the 
Poynting vector, and is given by 


S= | Ex Hndo (10) 
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the integral being taken over the cross-section of the second 
guide, where n is a unit vector in the y-direction. | 

For two TEM transmission lines the H;; and Hj, components 
are zero. Making the further simplification that 6 = ¢ = #/2, 
we have 


IT Hy Hyp M C08? [2 — M, sin? y/2) — PEn1En2] 


tke 11 
A> ys! “ 


ae eI — Hn Hing M,. cos? f/2 ai M, sin? /2) a PEE x2] (12) 


Values of M,, M, and P have been worked out for several 
types of slot.?: $ For example, for a circular slot, 


M,, = M, = $73, P = 3r° (13) 
where r is the radius of the slot. Another case of importance is 
the long thin slot lying along the x-axis. This may be considered 


as an elliptical slot of large eccentricity with major semi-axis I 
and minor semi-axis w, where 2/ and 2w are the length and width 
of the true slot. The solution for this is 


Ls (14) 
* 3 log (4//w) — 1 


M, = P = Sw? (15) 

In the case of TEM transmission lines where the field solution’ 
is given in parametric form, application of eqns. (3) and (4) 
is relatively straightforward. However, no analytic solution as 
yet exists for the practical microstrip line of Fig. 2(a). For this 
reason it is necessary to resort to the artifice proposed Li 
A. A. Oliner? and described in Section 2.1, and eqn. (1). 

For the commonly employed dimensions of b = 5-Smm ame 
h = 1:5mm, and p.t.f.e. Fibreglass as the dielectric, the value of 
Zy) may be taken as approximately 47 ohms. In this case 5’ 
works out at 7-4mm, assuming a dielectric constant of 2-65. 
For a circular hole and a frequency of 4000 Mc/s, eqns. (1) 
and (12) reduce to 


A = 4-09jr3(2 cos % — 0-377) (16a). 


B = — 4-09jr3(2 cos + 0-377) (166). 


where r is in centimetres. Application of these equations is 
illustrated in Fig. 3. 

For a transverse slot of small dimension, i.e. 2/ < 5, eqns. (14) 
and (15) may be substituted directly in eqns. (11) and (12). 
Moreover, provided that 2/ > 2w, and % is small, M, and P 
may be neglected in comparison with M,. Hence, for 4 =0, 
we have 


23 
log (41/w) — 1 


where / and w are in centimetres. 

When the length 2/ of the slot becomes comparable with or 
greater than the breadth b of the strip conductor, the above 
formula is no longer accurate. In order to calculate the coupling 
due to larger slots use was made of data previously obtained on 
an electrolytic tank, as mentioned in Section 2.1. Since the 
magnetic field is no longer constant along the slot, it is necessary 
to make an assumption as to the effective value. In the absence 
of any better assumption a simple average was taken. The 
value of S was then taken to be that of the fictitious line as 
previously described. The results of this calculation are shale 
in Fig. 5. 


A=B=6-44 (17) 


' 
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(8) APPENDIX: COUPLED WAVE THEORY 
(8.1) Loose Coupling Theory 


Consider two lossless transmission lines coupled by some 
unspecified form of coupling mechanism. Let / be the length 
f the coupled section, and k(x) the coupling function, defined 
.s the ratio of the series e.m.f. per unit length induced at the 
‘»oint x in the coupled line by the voltage on the driven line at 
“he same point. It will be assumed for simplicity that the 
youpling mechanism is non-directive, and only the principal 
mode can propagate in each line. 

_ Provided that the coupling is sufficiently loose, the directivity, 
elefined as the ratio of the forward to the backward current in 
“he coupled line, is given by 


+4 +4 -1 
Directivity = | | Ka | | Kaper | _ (18) 
- ~4 


where 6 = — wl(1/A; + 1/A,) = — $B, + 82) . (19) 
‘und A and f are, respectively, the wavelengths and phase-change 
xeefficients as denoted by the subscripts. 

A number of these discrimination functions have been tabu- 
vated,!° three of which are illustrated in Fig. 6. When the 
‘yxontinuous coupling function is simulated by a series of equally 
Ypaced point couplings, the directivity function becomes periodic 
n 6/7. It is symmetrical about 0/7 = 4(n — 1) with the firsé 
ero located at 6/7 =n —1. The number of point couplings 
required to give a reasonable approximation to the continuous 
unction therefore depends on the operating bandwidth and the 
variation in coupling over this band. 


(8.2) Tight Coupling 

Consider now the case where a significant amount of power 
_'s abstracted from the driven line by the coupled line. In order 
30 simplify the problem the following assumptions will be made. 
First, let the characteristic impedance of each line be normalized 
do unity, the power carried in the line is then given by |E|?, 
where E is the amplitude of the forward wave in that line. 
Secondly, let the coupling per wavelength be relatively small. 
in this case it is necessary to consider only waves travelling in 
he forward direction, and hence only the first derivative appears 
n eqns. (20) and (21) below. Thirdly, let it be assumed that the 
coupling mechanism is reciprocal. It can be shown that the 
space variation of the wave amplitude is given quite closely by 


cael a KE, + kE (20) 
a (v1 + DE, + KE, 

dE 

= = kE, —(y2 + HDEd (21) 


where y, and y> are the uncoupled propagation coefficients of 
the two lines, and k is the coupling coefficient. Assuming the 
coupling mechanism to be free of dissipation, k must be imaginary. 
4n this case it is convenient to introduce a real quantity c defined 
mai — jc. 
The an and simplest solution occurs when the two trans- 
mission lines. are identical, ie. vy; = v2 = y- We then have, 
for the condition E; = 1 and E, = 0 at the input to the coupled 


E, = cos Cet) (22) 


E, =jsin CyeHartD (23) 


MICROSTRIP DIRECTIONAL COUPLERS 159 


where C; is the integrated coupling strength for a section of 
length / and is given by 
1 


¢C;= J Cena 


(24) 


It will be noted that this solution does not depend on the manner 
in which the coupling function c(x) varies along the coupled 
section. The other features of this solution are that the power 
tends to vary cyclically from one line to the other, and at C; = 7/2 
all the power in line 1 is transferred to line 2. Moreover, the 
waves in the two lines are 90° out of phase. 

Where multiple discrete couplings are used the following 
formula applies for C;: 


C7 =>) atcsinic, (25) 
r 

where c, is the magnitude of the rth coupling. The order in 

which the couplings occur along the line is of no significance 

except in so far as the directivity is concerned. 

In practice, c(x) is a function of frequency also. For the slot 
couplings described in Section 7 the coupling is, in theory at 
least, a simple linear function of frequency. From eqns. (22) 
and (23) it is clear, therefore, that the minimum rate of change 
of coupled energy in line 2 will occur when C; = 7/2, which is 
the condition corresponding to complete power transfer to line 2. 
This is evidently a condition of little practical interest. For- 
tunately, as has been shown by Miller, it is possible to overcome 
this limitation by employing two transmission lines having 
different phase velocities. 

To cover this case it is useful to define a new parameter, q, 


by 
q = (BP; — B,)/c (26) 


Subject to the restriction that g be constant along the coupled 
section, and with the simplification that the attenuation is the 
same for each line, the solution eqns. (20) and (21) is 


E, = Ey e7 (2+ sCr +5381 — Ba) é (27) 
Ey = Eye— lol titi (28) 
where 
E, = cos [(1 + 4?)"2C]] — jg + 4?)-1? sin [1 + g)"2C] 
(29) 
and E, = (1 + q?)~ 1 sin [1 + q?)'2C]] (30) 


From this it is apparent that the exchange of energy is still 
periodic, but with a modified period. Furthermore, a complete 
exchange of energy never occurs, the maximum amplitude of 
the wave in line 2 being given by the coefficient (1 + q?)~1/2, 

For TEM transmission lines 8 is a simple linear function of 
frequency. Assuming that c varies linearly with frequency also, 
q must be constant with respect to frequency. From eqn. (30) 
it is clear that under these circumstances the amplitude of the 
wave in line 2 varies sinusoidally with frequency. The rate of 
change is a minimum at (1 + q?)!/2C,;=7/2, and the optimum 
performance will therefore be achieved if the coupled section is 
so designed that this condition occurs at the mid-band frequency 
(see Fig. 7). The choice of c(x) will be determined by the 
directivity function desired, and the functions f,(x) and B(x) 
must then be chosen to make q(x) a constant. 

In the most general case g(x) may also vary along the coupled 
section, and it is to be expected that by a judicious choice of 
this function the frequency sensitivity of the coupler may be 
even further reduced. This more general case, however, is diffi- 
cult to deal with, since eqns. (20) and (21) combine to give a 
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linear differential equation of the second order with non-constant 
coefficients : 

d*E dE 
rma PO) T. +OME=0. 


oe (31) 


where P(x) and Q(x) are functions of 8;(x), B(x), c(x) and their 
differentials. As is well known, the solution to this equation 
cannot be presented in closed form except for specified functions 
for P(x) and Q(x). 
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Cook!! and Louisell'!? have considered this case and hay 
shown that one solution exists giving constant coupling over a 
indefinitely wide bandwidth. This solution has the disadvantag 
that the length of the coupled section must be many wavelengths 
From a consideration of what happens when several uniforr 
sections having different values of g are connected in cascade 
it is clear that the coupling may be made very nearly constar 
over bandwidths of the order of 2:1 without the need fa 
excessively long coupled sections. 


[The discussion on the above paper will be found on p. 180.] 
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SUMMARY 


A brief résumé is given of the basic theory of strip transmission 
ilines including unwanted effects such as spurious mode transmission 

and radiation. A variety of materials and different printed-circuit 
“techniques have been tried and the relative merits of each are discussed, 
\A technique of measurement is described and details are given of two 
pieces of specially developed measuring equipment in microstrip, 
‘ynamely an adjustable short-circuit and a wide-band precision attenuator. 
\A number of new broad-band components covering the range 2 500- 
»4200 Mc/s are described; they include a reverse-phase hybrid-ring 
scircuit, a back-to-back slot-coupled 3dB directional coupler, and a 
“new type of low-pass filter. The paper concludes with a description 
‘or an r.f. head for two-way communication equipment used in 
) propagation testing. 


(1) INTRODUCTION 


The paper has been written with two aims in view. The 
ifirst is to provide information concerning a range of new micro- 
Awave components, details of which have not previously been 
ypublished. These components have the common feature that the 
transmission lines employed are in planar form and are fabricated 
‘by means of a printed-circuit technique. Neither the form nor 
the method of fabrication is new, however,!~* and the novelty 
of these components lies rather in the manner in which the 
(technique has been exploited and extended. 

In developing these components free use has been made of 
seach of the several well-known types of strip transmission 
line.|}556 As a result a fairly broad view of the strip-line 
technique has been obtained. The second aim of the paper, 
\therefore, is to present an assessment of the relative merits of 
the different systems in any intended application. It is felt that 
this will be of particular value to the less specialized reader. 

It should be emphasized that printed-circuit techniques can 
yalso be used as an ancillary technique in the fabrication of con- 
ventional waveguide components. For example, where one wall 
j0f the waveguide carries a complex arrangement of slots, the 

wall can, under certain circumstances, be replaced by an etched 
‘circuit. For various reasons, however, this technique has found 
| little application so far. 


'Q) ELECTRICAL PROPERTIES OF STRIP TRANSMISSION 
LINES 


(2.1) Types of Strip Transmission Line 


The three conductor configurations in current use are illus- 
trated in Fig. 1. They are equivalent, respectively, to open-wire 
‘balanced pair, wire above ground, and coaxial cable. The 
practical versions of these three systems are shown in Fig. 2. 
1The first will be referred to as ‘balanced strip line’, and the 
ssecond is now universally known as ‘microstrip’. The 
* nomenclature for the lines of Fig. 2(c) and (d) is oe 
+ Confused ; Fig. 2(c) has been referred to variously as flat-strip’, 
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‘sandwich’, ‘triplate’® and ‘shielded parallel-plate line’.? Of these 
alternatives, ‘triplate’ would appear the most elegant, and will be 
used throughout this paper. Fig. 2(d) is a modification whereby 
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Fig. 1.—Geometries of the three principal strip transmission lines. 
(a) Balanced line. (b) Strip above ground. (c) Triplate. 


Fig. 2.—The four practical types of strip transmission line, 
(a) Balanced line. (6) Microstrip. (c) Triplate. (d) High-Q triplate, 
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the dielectric is confined to the low-field region, thus allowing 
higher Q-factors than can be obtained with the three other forms. 
One of the strips can be omitted, but this disturbs the symmetry 
of the cross-section and as a result a small increase in dielectric 
loss occurs.’ In this paper the line of Fig. 2(d) will be designated 
‘high-Q triplate line’, although some writers refer to it as “high-Q 
strip line’.S The latter designation is not very satisfactory, since 
the term ‘strip line’ has acquired a more general connotation 
‘covering the entire range of strip transmission lines. 

The respective merits of these principal forms are summarized 
briefly in Table 1, whilst Sections 2.2 and 2.3 discuss some of 
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in Reference 9. The accuracy deteriorates progressively in the | 


directions of increasing €y/ég and decreasing b/h, but in the 
central region (e.g. around b/h = 2-0 and «g/g = 3) measured 
results agree with the computed figures within about 2%. 

A somewhat similar method could no doubt be employed to 


calculate the impedance and phase velocity of high-Q triplate | 
line, Fig. 2(d), although so far no attempt has been made to do | 
so. Referring to Fig. 1(0), it will be seen that the dielectric sheet | 
lies along the plane of symmetry where the electric gradient is | 


zero, in theory at least. Hence it is to be expected that for thin 
dielectric sheets the perturbation will be considerably less than 


Table 1 


COMPARISON OF DIFFERENT STRIP-LINE SYSTEMS 


Balanced strip line 


Ease of fabrication 
Bulk and weight 
Ease of testing 

| Ease of analysis 
Dissipative losses 
Radiation losses 

| Topological limitations 


NNWN-N 


Difficult to feed from un- 
balanced transmission line. 


Appropriate fields of appli- | Broad-band hybrid junctions 


balanced line. 
Broad-band low-Q com- 


Microstrip Triplate High-Q triplate 
1 3 
1 D 
1 4 
3 1 
2 3 
2D 1 
Phase reversals not possible, | E-plane series junctions difficult. Phase 
but ground plane easily reversals impossible. Discontinuities 
tapered away to give must in principle be symmetrical. 


Broad-band com- Broad- and narrow- 


cation. involving phase reversals ponents. ponents and band components, 
and/or series junctions. medium-Q filters Filters generally | 
(e.g. high-pass including high-Q 
and low-pass). resonators. 
Use to date* .. Minor. Extensive. Considerable. Extensive. 


Numbers represent order of merit. _ ee ae ; : 
* This assessment refers to the situation within the strip-line field. It is not possible, as yet, for a variety of reasons, to predict how far strip line will replace existing coaxial 


and waveguide technique. 


these points in greater detail. It should be noted that the lines 
shown in Figs. 1 and 2 are not wholly inclusive but they are 
believed to represent those forms which are most likely to find 
any extensive application. 


«2.2) Theory of Operation and Principal Electrical Properties 


The simplified theory of strip transmission lines has been dis- 
cussed in some detail in a previous article.? Propagation in the 
transverse electromagnetic (TEM) mode is assumed, and the 
analysis therefore reduces to a solution of the 2-dimensional 
electrostatic field in a simple cross-section. This assumption is 
entirely valid for the air-spaced lines of Fig. 1, and also for the 
low-Q triplate line of Fig. 2(c), provided that in the latter case 
the dimension a is considerably larger than the strip conductor 
width b. However, with Figs. 2(a), (6) and (d) the wave 
experiences a perturbation due to presence of the longitudinal 
dielectric interface. As a result the wave acquires longitudinal 
components of both the electric and magnetic vectors and the 
dominant mode therefore ceases to be pure TEM. In practice, 
however, provided that the dimensions b and / remain a small 
fraction of a wavelength (measured in the dielectric), the dispersive 
effect is very small and any TEM solution which takes into 
account the modified capacitance will give values of phase 
velocity and effective impedance which are in close agreement 
with measured results. 

This latter technique has been used quite effectively in the 
case of the two transmission lines shown in Figs. 2(a) and (bd). 
The generalized curves for impedance and wavelength, illustrated 
in Figs. 3 and 4, were constructed using the method described 
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Fig. 3.—Characteristic impedance of microstrip and balanced line. 


: Pseudo-TEM solution. 
Strip conductor assumed to be very thin. 


with microstrip, and this is borne out in practice. For a ¢/b 
ratio of the order of 0-2 or less the effect on the characteristic 
impedance as calculated by Cohen,’ Fig. 5, is generally quite 
negligible.2 The effect on the phase velocity is more marked’ 
and must be taken into account in the design of filters and similar 
components. For the materials and dimensions commonly 
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Fig. 4.—Wavelength in microstrip and balanced line. 
Pseudo-TEM solution. 
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Fig. 5.—Characteristic impedance of triplate line. 


Calculated by S. B. Cohn and reproduced from Transactions of the Institute of Radio 
| Engineers, 1955, MTT-3, p. 119. 


‘employed the reduction in phase velocity ranges between 5 
| aed 15 %,.. 

The conductor losses in strip transmission lines have also 
been investigated theoretically.? For the dimensions generally 
employed the loss does not differ very greatly from that of the 
simple parallel-plate line having infinitely wide plates, namely 


Peni zh) “depers . 9... = sls ls 
where R = R.F. skin resistance of conductor, ohms per unit 
length. 


Z = Wave impedance in dielectric. 

= 377 €,/eq ohms. ; 
h = Ground plane spacing, fractions of unit length. 
€, = The effective dielectric constant. 


For Figs. 2(a) and (b) it is best to take ég= Ed, where Eq is 
he dielectric constant of the supporting sheet, whilst for high-Q 


triplate line, Fig. 2(d), a value of € = €9 may safely be assumed 
in most cases. More precise calculations? take into account the 
concentration of current at the edges of the strip conductor; the 
ratio of the actual loss to that given by eqn. (1) rises almost 
linearly with increasing h/b (i.e. as the strip narrows) and at 
h/b = 1 the loss may be as much as twice that calculated by 
the above simple formula. The measured attenuation!! for a 
microstrip line having the dimensions b = 5:5 mm, A = 1-6 mm, 
and with polytetrafluorethylene (p.t.f.e.) Fibreglass dielectric, 
varies from about $dB/m at 1000Mc/s to about 3dB/m at 
10000 Mc/s. The corresponding figures for a practical high-O 
triplate line’ will be at least one order of magnitude lower. 


(2.3) Higher Modes, Spurious Modes and Anomalous Effects 


In all cases it is desirable to restrict the strip conductor width 
to somewhat less than 4A in the dielectric medium, otherwise 
the next higher mode having zero electric field at the centre of 
the strip conductor may propagate. The cut-off of wavelength 
for this mode has been determined precisely for triplate line!” 
but not as yet for microstrip. Likewise it is also desirable to 
restrict the spacing between strip conductor and adjacent ground 
plane to less than 4A in dielectric. Both these requirements are 
usually satisfied quite easily up to frequencies of the order of 
12000 Mc/s. 

A more troublesome feature with strip transmission lines is 
the occurrence of spurious propagation in modes unrelated to 
the dominant mode, and even more serious is the possibility, 
under certain unfavourable circumstances, of direct radiation. 
In the case of triplate line these spurious modes are usually 
restricted by the boundary conditions to an unbalanced TEM 
wave between the two ground planes, or, if the sides are closed, 
waves of the type Ho,. They are stimulated either by a slight 
longitudinal tilt of the strip conductor or by an asymmetrical 
discontinuity, and will provoke radiation at the sides of the line 
unless the circuit is completely enclosed. Trouble due to these 
modes can usually be eliminated by short-circuiting the two 
ground planes together in the region of the discontinuity with an 
array of suitably disposed metal pins.> % !3 

In the case of microstrip the situation is somewhat different. 
For the air-spaced line with h < 4A and b < 4A the boundary 
conditions do not permit any solution other than the dominant 
TEM mode. A similar conclusion would also appear valid in 
the case of Fig. 2(5), provided that the width of the dielectric 
sheet does not exceed approximately 4A in the dielectric, although 
in this case the wave must in fact possess small components of 
both £ and A in the direction of propagation. When, as fre- 
quently happens in practice, the sheet is several wavelengths 
wide the situation is rather obscure. For example, it may be 
that a whole series of modes can propagate having properties 
almost identical with the dominant mode but differing field distri- 
butions in the more remote regions on either side of the strip 
conductor. Secondly, there is the possibility of spurious propa- 
gation by modes which can be sustained independently of the 
dominant mode. Assuming a flat sheet of p.t.f.e. Fibreglass 
zsin thick with foil on one side, the only known possibility 
at normal centimetric frequencies is the lowest-mode transverse- 
magnetic surface wave.!4 Discontinuities at the edge of the 
sheet and elsewhere will certainly cause this mode to radiate 
rather severely. Certain types of discontinuity in the strip con- 
ductor system, such as a shunt inductive post, will evidently 
radiate directly without the intermediary of a confined mode. 
In this connection it should be stressed that considerable care 
is required when assessing whether or not a certain microstrip 
component is radiating. Since microstrip is an open structure 
the unperturbed field extends (in theory) to infinity, and power 
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will be coupled into any circuit placed in the neighbourhood of 
the transmission line. Since the bulk of the energy propagates 
in the region between the strip conductor and the ground plane, 
the power coupled into a probe situated above the dielectric 
sheet is normally very small. An unusually large pick-up would 
suggest direct radiation, and this may be cross-checked by 
examining how the coupled power varies with the distance from 
the line. Decay inversely proportional to the square of the 
distance would suggest radiation.® 

Despite this very unprepossessing list of difficulties the micro- 
strip system can in practice be made to function very satis- 
factorily, but the field of application is usually limited to broad- 
band low-Q components such as those described later in the 
paper. Within this field it evidently has many advantages over 
triplate lines, in regard to both experimental adjustment and 
subsequent manufacture. 

In conclusion there is one phenomenon common to all strip 
transmission lines which should be mentioned. The transition 
from waveguide or coaxial inevitably involves a rather severe 
change in the field structure, and the field in the strip line near 
the transition therefore consists of the dominant-mode wave 
together with enough higher-mode waves to satisfy the boundary 
conditions at the transition. (Under unfavourable circumstances 
some radiation may also be involved.) The intensities of the 
higher-mode waves decrease rapidly as they are normally beyond 
cut-off, and at a sufficient distance from the transition only the 
dominant wave is left. This effect is particularly marked in 
microstrip, where it has been observed that the attenuation 
constant is a function of distance from the transition.!! It rises 
rather rapidly over the first few wavelengths and eventually 
reaches an asymptotic limit at a distance of some 20 or more 
wavelengths from the transition. 


(2.4) Upper Frequency Limit 


For reasons already explained in Section 2.3 it is essential to 
keep the dimensions 6 and A within certain limiting fractions of a 
wavelength. Hence the maximum permissible physical size in 
cross-section will vary as f~!. Substituting in eqn. (1) and 
recognizing that R oc f'/?, it will be seen that the minimum pos- 
sible conductor loss per unit length varies as f3/?._ In addition, it is 
necessary to allow for a dielectric loss which will vary linearly 
with f, and for the reduction in size of the circuit in the direction 
of propagation which will be at the rate of f—!. These considera- 
tions give a law of the form 


Minimum circuit loss = m + nf'/2decibels . . . (2) 


where m and n are constants determined by the materials used 
and the type of strip transmission line. For high-Q triplate line 
m is very small, provided that a good-quality board is used, and 
the second term therefore dominates. With microstrip, however, 
the dielectric losses are more important, and the second term 
becomes significant only at the upper end of the centimetric band. 

So far, strip-line techniques have in general been confined to 
the centimetric region of 1000-12000Mc/s. The above con- 
siderations suggest that their use could be extended to con- 
siderably higher frequencies, e.g. Q-band, before the losses 
became exorbitant. In practice, the frequency limit would be 
set by the difficulty of manufacturing very small printed-circuit 
panels with a sufficient degree of precision, a difficulty, however, 
which is not unique to strip line. 


(3) PREPARATION OF THE CIRCUIT 
(3.1) Review of Printed-Circuit Techniques 


Printed-circuit techniques may be classified roughly in two 
categories.'*-!7_ In the method most widely exploited to date 


| 


the dielectric board—usually called the laminate—is supplied 
already clad with copper foil, and the process consists in 
removing the foil not required. The foil to be retained is pro- 
tected by a resist which may be deposited in a variety of different 
ways, and the unwanted foil is then removed by spraying with a 
suitable etching solution. The method is relatively simple and 
when properly conducted can provide a very high standard of 
dimensional stability. _ 
The second category covers methods whereby the metal circuit 
is deposited directly ona plain board. Amongst the better-known 
methods are silk-screen printing with silver ink, silver evaporation — 
under vacuum, and electrolytic deposition on a printed graphite | 
trace. These methods have found very limited application at 
microwave frequencies, principally because the conductivity and | 
line definition are inclined to be rather poor. Moreover, the 
composition of silver ink tends to vary in an irregular manner, ; 
and it has been reported that this can cause a microstrip line to” 


radiate significantly.!§ 


(3.2) The Etched-Foil Technique 


The first step is to prepare a master drawing of the circuit, 
usually several times full scale. This may be done either with 
pen and ink on good-quality Bristol board, or with suitable tools 
on scraper board, which is a white clay board coated with a thin 
black surface. The latter method is usually more accurate, 
since the scraping tool can be machined to the precise width 
required, and often much quicker. Where extreme accuracy is 
required the master can be machined from a solid block of some 
material such as ebonite. The master drawing or pattern is then — 
photographed and where necessary reduced to the required size. 

In order to print the resist on to the copper-clad board any 
one of several techniques may be used. For this class of work 
the most satisfactory method is the so-called photo-mechanical 
technique, wherein the board is coated with photo-sensitive 
emulsion and exposed by contact printing in a vacuum frame. 
The undeveloped emulsion is then washed off, leaving a protective 
coating of resist where the copper is to be retained. 

Whichever process of depositing the resist is used the etching 
technique is basically the same. The most common procedure 
is to spray the board evenly with ferric perchloride until the 
desired amount of foil has been removed, and then wash and 
dry. Where required the etched board is finally given a flash 
of silver or other appropriate metal. 

For experimental work or small-scale production the photo- 
mechanical method has many advantages. The dimensional 
repeatability is excellent, e.g. of the order of a fraction of 0-001 in, 
particularly if glass transparencies are used in place of film. On 
the other hand, some difficulty has been experienced due to 
undercutting of the strip conductor by the etchant, but provided 
that the process is carefully controlled the error caused by the 
undercut is small, e.g. less than 0-001 in for 0-001 4in foil; it is 
a consistent error and can be allowed for at the design stage. 


(4) MATERIALS 
(4.1) General Requirements 


There are certain requirements regarding materials which are 
common to all forms of printed-circuit applications. These 
include reasonable mechanical rigidity, good adhesion of metallic 
conductors, ease with which soldered connections can be made, 
ability to withstand the expected climatic conditions, and 
resistance to vibration and shock. These requirements are 
basically similar whatever the operating frequency of a printed 
circuit, but in the microwave case they tend to be tighter, since 
a small deterioration in physical condition may have a relatively 
severe effect on electrical performance. 


In addition, there are a number of requirements which are 
sually of little concern at low frequencies. The dielectric board 
must have a very low electrical loss, as also any adhesive used to 


sausing serious mismatch and reflection, and the dimensions 

d composition must remain stable under changing climatic 
onditions. The board should be free from internal strains, 
since these will release during etching and cause local warping. 
‘For the high-Q triplate line the tolerance on warp is particularly 
sight.) The water absorption must be exceptionally low, other- 
wise the loss angle and dielectric constant will vary in service. 
furthermore, an absorbent board will experience contamination 
during the etching process. Variations in the exact value of 


| Board Strip conductor Ground plane 
= st = e, Cu foil Cu foil 
, Fibreglass-supported polystyrene | Cu foil Cu foil 
| (2 mats) 
| P.T.F.E. impregnated Fibreglass Cu foil Cu foil 
|| Expanded polyethylene .. oe Cu foil Cu foil 
| Polystyrene and one Fibreglass | Ag ink on Cu gauze 
mat Fibreglass mat 
|| P.T.F.E. impregnated Fibreglass Ag ink Cu foil 
Polystyrene and 2 Fibreglass mats | Ag ink Ag ink 
| Silicone-impregnated Fibreglass Cu foil | Cu foil 
Polyester-impregnated Fibreglass Cu foil Cu foil 
above .. ae Be an AJ foil Al foil 


Transmission line dimensions: b = 5-5mm, hk = 1-5mm, a = 25mm [see Fig. 2(5)]. 


Methods of fabrication: A Copper foil moulded to board and hand stripped. 


axmoaw 


As for D, but printed Fibreglass moulded both sides. 
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the other hand, both materials have rather severe mechanical 
limitations: the softening temperature is rather low; polyethylene 
is too flexible for most microwave applications, whilst poly- 
styrene is undesirably brittle. Neither material withstands the 
etching process very well since the release of internal strains 
may cause the board to warp. With sheets of polystyrene having 
a thickness equal to or less than 3;in this has resulted in the 
specimen becoming crazed with fine hair cracks, to the extent 
that it may shatter on subsequent handling. 

The latter problem can be entirely overcome by moulding 
Fibreglass cloth into the sheet. In order to keep the losses low 
it is desirable to use as little Fibreglass as possible; in practice 
two cloths, one each side, are sufficient. In one variation of 
this technique the Fibreglass cloth is printed with silver ink 
before moulding into the styrene board. As can be seen from 
Table 2, this provides a reasonably low-loss circuit with the 


Table 2 


PROPERTIES OF MICROSTRIP LINES FOR DIFFERENT METHODS OF FABRICATION 


Loss* 
dB/m at 
4000 Mc/s 


Method of 


fabrication Comiment 


Brittle; low softening temperature. 
Low softening temperature. 


IRA 


(SMa ey  as 


Best all-round material. 

Flexible but easily dented; low soften- 
ing temperature. 

Excellent adhesion; poor definition; 
low softening temperature. 

Poor adhesion; poor definition. 

Excellent adhesion; poor definition; 
low softening temperature. 

Good mechanically; high water 
absorption. 

As above. 

R.F. losses prohibitive. 
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Copper foil and one Fibreglass mat moulded each side; conductor hand stripped. 

Commercially available copper-clad Jaminate; conductor hand stripped. 

Conductor pre-printed on Fibreglass mat subsequently moulded to board, together with copper gauze on reverse side. 
Hand-painted silver conductor on commercially available board. 

Loss figures vary for different inks and method of consolidation. 


* Measured by Deschamps method. Figures relate to loss at approximately 10cm from transducer; asymptotic loss will be approximately twice the quoted figures. 


dielectric constant can be allowed for at the design stage, after 


which it must be held within tight limits. 


These limits will 


depend on the particular component, its application and the 
type of strip line used. Under certain circumstances a tolerance 


of +1°% might be required, but usually the designer can arrange 
matters so as to conform to a somewhat more realistic figure. 
In this respect the high-Q triplate line has a very definite advantage, 
since the dielectric sheet is in the weak-field region. 


(4.2) Typical Materials 

It is convenient to classify the dielectric materials according 
io whether or not the board is reinforced with Fibreglass. The 
“nsupported board will usually consist of a high-grade material 
such as polyethylene or polystyrene. It has been found possible, 
hy a controlled application of heat and pressure, to bond copper 
foil to these two materials without the aid of any adhesive. 
The bond strength is sufficient for many applications although 
:ot of the first order. The electrical properties are excellent and 
better than those of any materials so far tested. Moreover the 
<opper foil presents a smooth surface which is easily etched. On 


advantages of a flush surface and very high bond strength. It 
will also be observed that a worthwhile improvement in r.f. 
losses is gained by substituting fine copper gauze for the ground 
plane instead of inked Fibreglass. This method of producing 
the circuit has not found much application, however, because 
of the relatively poor definition. Instead it is found preferable to 
mould copper foil on to the surface and print the circuit by 
the etched-foil technique in the usual manner. Expanded 
ethylene and styrene have also been tried, but it is difficult to 
obtain sufficient expansion in such thin sections; the result is 
that the losses per wavelength are of the same order as for the 
solid sheet, with the disadvantage of poor mechanical strength 
and liability to damage due to the softness of the board. 

The material used most extensively to date is p.t.f.e.-impreg- 
nated Fibreglass. As can be seen from Tables 2 and 3 the 
performance is quite close to that of pure polystyrene or p.t.f.e. 
P.T.F.E. in dispersion is applied to the Fibreglass mats, which 
are then piled and hot-pressed at an elevated temperature. No 
adhesive is used to bond the copper to the laminated sheet, 
which in part accounts for its good electrical properties. P.T.F.E. 
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Table 3 

SUMMARIZED PROPERTIES OF SOME COPPER-CLAD FIBREGLASS 
LAMINATES 


These materials vary considerably with the source of supply. 
Figures quoted must be regarded as typical only. 


Resin Phe Polystyrene*| Silicone Epoxy 


| 

| 
= a7 x 16 | 37 x 16 
0-:0065 on 0-032 : 0-0075 on 0-063: 


Maximum size sheet, in | 37 x 16 | 


Typical thickness toler- 


ance, tf in/in 0-012 on 0-125 
Permittivity (dry)t DA 2:8 3-9 4:8 
Loss tangent (dry at | 0:0007 | 0-0002§ | 0-001 5|| 0-018] 

1 Mc/s) 

Water absorption,** % 0-03 <0-05 0-30 0-24 
Maximum continuous 200 80 150 eS 

temperature, deg C 
Approximate cost index 2D. 9 7 

relative to Phenolic 

grade 


* Bond strength usually rather low. 

+ Tighter tolerances can generally be arranged. 

t Electric field perpendicular to laminations. 

§ Increased to 0-002 for high-impact polystyrene. 

|| Varies with choice of adhesive; may deteriorate by 10 times or more after 
immersion for 24 hours at 23° C. 

** After immersion in distilled water at 23°C for 24 hours. 


Fibreglass is in fact the best material available from the all-round 
point of view taking into account considerations of temperature, 
mechanical strength, water absorption, and freedom from 
warping. On the other hand, it is relatively expensive and is 
not available commercially in this country, although small 
quantities have been produced very successfully on an experi- 
mental basis. 

In addition to the above there are a number of Fibreglass 
boards of intermediate cost and performance. These include 
epoxy-resin, polyester-resin, and silicone-resin boards. Of these 
silicone Fibreglass has found the most use so far; although not 
very suitable for microstrip it can be used quite successfully in 
high-Q triplate line. 

It is important to stress that all Fibreglass boards suffer from 
certain disadvantages. First, the weave of the Fibreglass is 
pressed into the copper foil and results in a slightly corrugated 
surface. With insufficient care this can result in uneven etching 
and the production of pin-holes. Secondly, a Fibreglass board 
produced by one manufacturer may differ significantly from that 
produced by another, although using identical resins. This 
may occur because of different types of glass, different weaves 
and different ratio of cloth to glass. Where an adhesive is used 
this may vary also. Thus, whilst the two boards may be near 
enough identical in mechanical properties, water absorption, 
and even power factor, the difference in dielectric constant may 
be quite unacceptable in a microwave application. Finally there 
is the limitation that all Fibreglass boards (silicone in particular) 
deteriorate significantly after prolonged exposure to extreme 
climatic conditions such as may be found in the tropics.34 


(5) MEASURING TECHNIQUES AND EQUIPMENT 
(5.1) General Observations 


Measurements at microwave frequencies may be divided in 
two classes; primary measurements providing a detailed descrip- 
tion of the electromagnetic field, and secondary measurements 
concerned with the terminal pair properties, such as impedance 
or attenuation. The techniques used in determining the terminal 
pair properties of strip line or strip-line components do not 
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differ appreciably from those used with other microwave trans- l 
mission systems. In fact it has been the practice to make use, ‘ 
as far as possible, of existing equipment fabricated in coaxial ) 
line or hollow waveguide. This procedure is facilitated by the | 
ease with which one can obtain a reasonably good match to_ 
coaxial cable over quite large bandwidths (see Section 6.1). | 
Furthermore there is no reason to believe that the construction } 
of precision instruments is any easier in strip line. In fact, apart | 
from one or two possible exceptions, the difficulties would appear | 
greater. 

Where it is desired to investigate the actual field in the line | 
there is then no alternative but to cut slots or insert probes. | 
The results obtained by this procedure can be very misleading, | 
however, particularly in the case of microstrip. An examination | 
of the field in the air space above the strip conductor provides | 
a very poor guide as to the field distribution in the region between | 
the strip conductor and ground plane, where most of the energy 
is concentrated. On the other hand, an attempt to insert probes | 
into the region between the strip conductor and ground plane 
can produce a serious perturbation of the field, and it is doubtful 
whether much significance can be attached to the quantities so | 
measured.!? For example, standing-wave measurements made 
in this way on a microstrip line suggest a considerable degree of - 
mode interference, yet when the Deschamps technique?3 is used 
no evidence of spurious modes is found, provided that there are 
no serious discontinuities in the line structure. 


(5.2) Measurement by Means of the Input-Impedance 
Diagram 


As is well known the properties of a 2-terminal-pair network 
can be deduced from the measured short-circuit and open-circuit 
input impedances. At microwave frequencies it is more con- 
venient to use a single termination which is moved through a 
distance of one quarter-wavelength in the transmission line 
terminating the network under investigation. The input impe- 
dance then describes a circular locus on the Smith chart con- 
centric with the origin. This termination may be an open- 
circuit, a short-circuit, or a quite arbitrary lossy reactance—the 
generality of which incidentally is not widely appreciated.?° 
With hollow waveguides satisfactory short-circuiting pistons can 
be constructed without much difficulty, thereby providing certain 
simplifications to the subsequent analysis. With strip trans- 
mission lines, however, a good movable short-circuit is not easily 
made, particularly when the space between strip conductor and 
ground plane is filled with dielectric. For this reason much of 
the earlier work on microstrip was conducted with an open- 
circuit termination, the position of which was moved by phy- 
sically cutting the line. Owing to the small conductor spacing 
(1-5 mm) the radiation from an open-circuit is small and reflection 
coefficients of the order of 95% can be obtained. Unfortunately 
the method is destructive and precise repetition of a previous 
reading is usually impossible. In order to overcome this limitation 
the short-circuiting piston described in Section 5.3 was developed. 

To measure the input impedance of the network a slotted 
section and standing-wave indicator may be used in the usual 
manner. Two examples of strip-line slotted sections have been 
described elsewhere,® ’ but in general their design, as has already 
been emphasized, presents a number of difficulties, particularly 
in the case of microstrip. For this reason it has been found 
preferable to connect the circuit under test to a conventional 
slotted line. For rough work the mismatch of the input trans- 
ducer can generally be ignored. Where more precise results are 
required the transducer may be calibrated with the aid of the 
variable short-circuit described below. The information so 
obtained can be used to perform a relatively simple graphical 
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jalysis which gives both the scattering coefficients of the 
vansducer and the properties of the circuit under test. Further 


etails of this method, due initially to G. A. Deschamps, will be 
und in References 20-23, 


(5.3) Special Measuring Equipment 


As mentioned in Section 5.2, it was found desirable to develop 
short-circuiting piston in microstrip. This device, illustrated 
i Fig. 6, comprises a grooved copper block which slides on a 
ass bed-plate to which is affixed a length of microstrip line. 
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the block there is a bowed spring contact of beryllium-copper 
which presses lightly on the strip conductor. To absorb any 
energy which may travel on through the block and possibly 
resonate, the surfaces of the groove are coated with graphite 
and the microstrip line is terminated with a matched load. The 
load is also useful in that a matched-load termination can be 
obtained simply by removing the block. In order to appreciate 
how the device in fact operates it is useful to think of the piston 
as a short length of rectangular waveguide operating well below 
cut-off. From this it is evident that for maximum reflection the 
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Fig. 6.—Microstrip short-circuiting piston. 


/9 ensure a good contact between the sliding block and the bed- 
late, the two surfaces were separately ground and then lapped 
wainst each other. Steel side-pieces are fitted to stiffen the 
wed-plate and act as guides for the block, the under-side of which 
. grooved to accommodate the microstrip line. The dimensions 
f the line are normal apart from the width of the Fibreglass 
neet. This is reduced to slightly Jess than twice the strip con- 
actor width; any further decrease would produce a significant 
ange in the characteristic impedance. The upper surface of 
ne groove just clears the strip conductor at the front end of the 
lock and tapers upwards to the rear of the block to provide a 
nore substantial clearance of about lcm. At the front end of 
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transverse dimension of the groove should be as small as possible. 
The measured results for the band 2 500-4 100 Mc/s were: 


Average reflection coefficient: approximately 0-9. 


Position of short-circuit: varied between 0-5 and 1-2mm behind 
front edge. 


Ratio A,/Ag: constant at 0:69 within +0-3%. 

A second instrument of rather special interest is the wide- 
band attenuator illustrated in Figs. 7 and 8. The success obtained 
with the slotted-ground-plane experiments of Section 6.6 sug- 
gested the possibility of attenuators in which a slot of variable 
area was exposed to a lossy medium. Experiments showed the 
principle to be sound, provided that the power factor of the 
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Fig. 7.—Microstrip laboratory attenuator. 
General assembly. 
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Fig. 8.—Microstrip laboratory attenuator. 
Details of trough. 


lossy medium was sufficiently high and that the depth was 
sufficient to ensure absorption without reflection. 

The area of the slot may be varied in any one of several ways. 
However, the most obvious choice is to keep the transverse 
width of the slot constant, and vary the length in the direction 
of propagation. This is equivalent to a variable length of lossy 
line having a constant loss per unit Jength. It should, and in 
fact does, result in a calibration law which is substantially 
linear over most of the travel. The slot is tapered at each end 
so as to ensure a reasonable match, and the lossy material 
(50% Carbonyl ‘E’ iron dust in Marco resin, by volume) is con- 
tained in a sliding metal trough which is closed over approxi- 
mately half its length by a tapered copper bar. Longitudinal 
movement of the trough effectively varies the length of the 
exposed slot. 

To ensure a stable contact between the sides of the metal 
trough and the ground plane of the Microstrip line the following 
procedure was adopted. The top surface of each side wall of 
the trough is narrowed down and accurately milled flat. At the 
same time the microstrip line is supported in such a way that 
it is bowed downwards at the centre, and consequently forced 
against the top surfaces of the trough sides. The natural 
resilience of the Fibreglass is such that an adequate contact is 
made along the entire length without the aid of spring-finger 
contacts or similar devices. A final machining process on the 
trough ensures that the upper surface of the filling is a constant 
depth below the top surfaces of the trough sides. This is essential 
since the power absorbed varies with the proximity of the lossy 
medium. 

The performance of this attenuator is illustrated in Fig. 9. 
If these results are re-plotted as a function of frequency it is 
found that in the linear range the incremental attenuation «, 
in decibels per centimetre travel, is given very closely by 


a = 0:36 + 1-21f 


where f is in gigacycles per second. 
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Fig. 9.—Calibration of microstrip laboratory attenuator. 


@ 4025Mc/s 5-16dB/cm. O 3240Mc/s 4:32dB/cm. 
+ 3910Mc/s 5-12dB/cm. (] 2905Mc/s 3:92dB/cm. 
x 3600Mc/s 4-76dB/cm. A 2610Mc/s 3:44dB/cm. 


attenuator. € 
output side of the attenuator becomes a little sensitive to an 
radiation or coupling from the input side. Although the effect” 
is small, it means that a certain care is required in operating the 


instrument. 


(6) COMPONENT DEVELOPMENT 
(6.1) Range of Components 


Quite a variety of components in strip-line form have been; 
described in the recent literature. They include transducers 
loads, attenuators, hybrid junctions, directional couplers, power- 
dividing networks, antenna systems and filters.* In addition, 
some work has been done on more specialized devices, such as 
ferrite attenuators and phase shifters and broad-band noise : 
sources incorporating a gas tube. In the following paragraphs i 


ponents not previously described elsewhere. 


(6.2) Transducers 


Transducers from waveguide or coaxial to strip-line may be of) 
the in-line or, alternatively, the right-angle type. One example) 
of each is illustrated in simplified form in Fig. 10 for the two! 
principal strip transmission-line forms. For the triplate line| 
the right-angle junction is not to be recommended, because it) 
tends to stimulate an undesired parallel-plate mode betweer 
the two ground planes. However, in some cases it appears tc! 
have been used with success.6 For microstrip the right-angle 
junction was found to give a better match over a larger band: 
width, and has since been universally adopted.!! In an alter. 
native arrangement which would appear equally satisfactory: 
the coaxial line enters from above. 

Since practical strip transmission lines are virtually non« 
dispersive over their useful operating range, the characteristic 
impedance is independent of frequency. The same is true o! 
coaxial cables, hence transducers of the form shown in Fig. 1¢ 
are inherently wide-band, with no lower frequency limit. How: 

* See Transactions of the Institute of Radio Engineers, 1955, Vol. MTT-3, No. 2. 


Special Issue ‘Symposium on Microwave Strip Circuits’. Only the more ‘relevan 
papers have been specifically quoted here. i 


Fig. 10.—Coaxial to strip-line transitions. 


(a) Right-angle junction (shown for line above ground). 
8} In-line junction (shown for triplate). 
c) Equivalent circuit, either junction. 


Note: For simplicity supporting dielectric sheets are not shown. 


er, the physical discontinuity between the two systems intro- 
quces a reactive component which provides an upper frequency 
uit, but by good design this can be made to approach the 
pper useful frequency of the strip-line system, which, for 
asons discussed in Section 2.4, tends to lie for the moment in 
e region of 10-15Gc/s. For example, with the right-angle 
ction of Fig. 10 the series inductance L of the protruding 
obe can be matched out over a very wide band of frequencies 
y a suitable adjustment of the capacitances C, and C,, where 
*, is the discontinuity capacitance of the inlet hole in the ground 
jane and C; is the edge capacitance of the strip conductor. In 
me of the examples quoted by Arditi!! a match of better than 
7 is achieved over virtually the entire centimetric range with 
4 upper limit of about 11000Mc/s. The same equivalent 
ircuit applies in the case of the triplate junction of Fig. 10(d); 
Ithough the probe effect is smaller than in Fig. 10(a) there is 
till an inductive component due to the perturbation of the 
magnetic field distribution in going from one geometry to 
mother. 

' The coupling between waveguide and strip line may be 
ichieved in a variety of ways. In Fig. 11 is shown a transducer 


Z 

j 
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Fig. 11.—Waveguide to microstrip cross-bar transition. 


hich is particularly simple to construct, in that use is made 
f an existing waveguide-to-coaxial cross-bar type transition. 
he voltage standing-wave ratio (v.s.w.r.) achievable is therefore 
f «ne same order as that of the original cross-bar transition on 
hich it is based. A similar form of construction may be used 
A” triplate line, but in order to ensure symmetrical excitation 

i. preferable to mount the triplate line at right angles to the 
scad face of the guide; the post and the strip conductor are 
“inline. More recently a colleague, Mr. G. H. B. Thompson, 
a» developed a tapered ridge-guide transducer outwardly 
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similar to that described by Arditi.!! The initial results have 
been very encouraging; for example, by a little adjustment, a 
match of 0-95 or better can be obtained over a 10° bandwidth. 


(6.3) Loads and Attenuators 


A satisfactory broad-band load, having a v.s.w.r. better than 
0-9 over substantially the entire centimetric band, is easily made 
by attaching a tapered piece of carbon-backed card of prescribed 
shape to the strip conductor. If the position of the card can be 
adjusted so as to alter the amount of energy intercepted, a 
variable attenuator is obtained. This is usually done by sliding 
the card laterally across the line. However, where lateral space 
is at a premium a hinged-flap arrangement has been successfully 
used. 

Carbon-backed card, although satisfactory for dummy loads, 
is by no means the ideal material for attenuators. First, its 
properties vary with humidity and temperature, and secondly, 
it is insufficiently rigid unless supported by a stiffer material. 
As an alternative, metallized-glass attenuator elements of the 
type used for hollow waveguide have been tried. Measurements 
on one such attenuator are shown in Fig. 12; the v.s.w.r. for 
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Fig. 12.—Glass slide attenuator. 
f = 4000 Mc/s. 


maximum attenuation was 0-8. For réproducible results the 
slide must remain at a fixed distance above the strip conductor, 
and for maximum attenuation the slide must actually touch the 
strip conductor. (This is the condition under which the measure- 
ments illustrated were taken.) Mechanically, however, this is 
not satisfactory since the continual abrasion of the metal film 
eventually disturbs the performance of the attenuator. 

As an alternative, the metallized-glass element was placed 
between the strip conductor and the ground plane. The maximum 
attenuation was then only 5dB. This, and the fact that in 
Fig. 12 the maximum attenuation occurs when the element is 
slightly off-centre, confirm that the surface attenuators operate 
by absorption of fringe field energy. At the sides of the con- 
ductor the E lines are roughly horizontal and therefore in the 
plane of the absorbing surface. 

Attenuators and loads involving insertion of lossy material 
between strip conductor and ground plane will work satis- 
factorily only if the material is homogeneous and extends the 
full distance between ground plane and strip conductor.** This 
type of attenuator, however, suffers from a number of mechanical 


difficulties. 


164 


Because of these various difficulties it is considered that, where 
accurate and reproducible results are required, an attenuator 
on the lines of that described in Section 5.3 is likely to prove 
more satisfactory. 


(6.4) Crystal Mounts 


Conventional crystal capsules are for the most part designed 
for inclusion in a coaxial mount. With one exception,!? there- 
fore, strip-line crystal mounts have consisted in effect of a 
coaxial mount coupled by a suitable transducer (see Section 6.3) 
to the strip-line system. Hence, the only advantage that such 
mounts have over conventional coaxial is that any matching 
elements required may be incorporated in the strip-line system 
rather than the coaxial system. Fig. 13 shows a mount which 

LOW - IMPEDANCE 


QUARTER-WAVE SECTION 
OPEN-CIRCUITED AT FAR END 


IF OUTPUT 
CAPACITATIVE GAP 


HIGH-IMPEDANCE 
QUARTER-WAVE 
SECTION 


CRYSTAL RETAINING CAP 


VY 


Lik 


BSSSSsssd 
Za 


Fig. 13.—Wide-band crystal mount. 


A Crystal-holder body. 
B Crystal retaining cap. 
C Microstrip panel. 

D Capacitive lugs. 

E Styrene washer. 


F Centre pin. 

G Centre-pin retaining screw. 
H Crystal retaining spring. 

J Mica spacer. 

K Bayonet fixing lugs. 


exploits these possibilities very fully. This circuit differs from 
the more conventional arrangement in that the crystal is in 
direct shunt across the transmission line. It is therefore necessary 
to provide a series isolating condenser on the r.f. side, having a 
low impedance at radio frequencies and a high impedance at 
intermediate frequencies. This arrangement has the advantage 
that the i.f. output can be taken directly from the strip conductor 
rather than the metal cartridge of the crystal, thus allowing easy 
removal of the crystal. Furthermore, the output filter can be 
printed on the surface of the panel instead of fabricated as part 
of the coaxial mount. 

In practice it is convenient to make the series condenser fulfil 
the double function of isolation and r.f. matching. This is 


Wr 
1 
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\ 
achieved by placing it at a point in the line where the oil 
impedance appears inductive. Since the crystal presents a poo), 
match to the line quite a small capacitance suffices. In the 
particular example illustrated, which is designed for the banc), 
2500-4 100 Mc/s, a capacitance of 2-3pF is required. Experi 
ments were conducted at 4000 Mc/s to see whether this could be 
achieved by a simple lateral gap in the strip conductor. Fou 
gaps in the measured range 0-005 in to 0-050 in, the relationship), 
between the normalized series reactance X and the gap width oH! 
(in inches) was given quite closely by a linear law: . 


X = 2-68 + 146d 


This implies a series capacitance of only 0:33pF for a gap olf 
0:005in, which is regarded as the limiting size in a practica ‘ 
application. Instead, a small brass block was soldered to the) 
strip conductor through which a 0:010in slot was milled at ar 
appropriate distance from the crystal connection. From the 
production point of view it would no doubt be preferable tc) 
obtain the desired capacitance by a convoluted slit, and it is. 
understood that this can be done.?? 

This arrangement leads to a very low shunt capacitance 
across the i.f. terminals, in this case only 6pF, and the mount is” 
therefore suitable for the detection of very wide-band signals,| 
the upper frequency limit being approximately 200 Mc/s. This) 
is due partly to the low value of input series capacitance, and 
partly to the manner in which the if. connection is made. Since 
the output filter is printed, a relatively thin series conductor can) 
be used having a high transmission-line impedance of the order) 
of 150 ohms. This in turn allows the use of a relatively high f 
impedance (of the order of 60 ohms) for the terminating shunt! 
section. A further advantage of the arrangement is the eli-| 
mination of a d.c. return, the precise position of which is generally} 
rather critical. oY 

Without the series capacitance the input v.s.w.r. of the mount} 
averages about 0-2 over most of the band. With the capacitance 
the match is peaked to about 0-8 at 3420 Mc/s, falling away} 
gradually to the original value of 0-2 at the extreme frequencies) 
of 2500 and 4100Mc/s. In these tests a crystal current of} 
1mA and d.c. load of 100 ohms were used. A somewhat better) 
match can be obtained by placing an inductive tuning element} 
inside the cartridge close to the crystal itself, but the additional] 
mechanical complication is not worth the small improvement} 
achieved. Although the match of these crystals is poor they are) 
very consistent, as can be seen from Table 4. This is of con-) 


Table 4 
DISPERSION OF CRYSTAL-HOLDER MATCH 


ae <a = 


Frequency, Mc/s 2600 3400 4100 
Seven CV 2154 and CV 2155! 1:5% MEY, 22% 
crystals tested in one holder 
One CV 2154 crystal in S5identical | 2:9% 1-4% 1-54 . } 
mounts 


The figures given represent T.m.s. deviation of v.s.w.r. as a percentage of the averag 
Mere at each frequency. The dispersion of reflection-coefficient angle is of the sam 
siderable advantage in the design of balanced mixers. Table 
also shows the reproducibility of five identical microstrip holders 
Owing to the simplicity of the design and the inherent repro: 
ducibility of the printed-circuit technique this is of a high order 


(6.5) Hybrid Junctions 


The conventional hybrid-T circuit employing congruent serie: 
and shunt junctions cannot conveniently be realized in ol 


tm. However, an equivalent performance can be achieved 
y other means. In the first place, there exists a variety of ring- 
e circuits which will provide the desired property of con- 
igacy through the use of interconnected quarter-wave trans- 
ission lines. These are easily realized in strip-line form, the 
y limitation being the inherent frequency sensitivity of the 
alarter-wave sections. Secondly, there are various types of 3dB 
irectional coupler, a particular example of which is described 
1 detail in Reference 25. Where the coupling mechanism in 
e directional coupler consists of quarter-wave sections the 
istinction between the second two categories breaks down, and 
, is therefore convenient to deal with such circuits in the present 
tion under the general heading of ring circuits. 
| The best known of these ring circuits is the so-called ‘rat-race’ 
F Fig. 14(a). A number of these junctions in microstrip form 


INCHES 


INCHES 


Fig. 14.—Simple hybrid junctions. 


(a) Conventional rat-race. 
(6) Schematic of 3dB branched-arm coupler. 
(c) 3dB branched-arm coupler rearranged. 


Note: Scales relate to a design frequency of 3200 Mc/s, a 50-ohm line impedance, 
jad a sheet thickness of 1-5mm. 


jave been built and tested, and it is usual to obtain a decoupling 
a excess of 20dB with a power split equal within i1dB over 
jandwidths of about 20%.!! For narrow bandwidths a 
secoupling in excess of 30dB is possible, provided that the 
jmmponent is fabricated with sufficient precision. As an alter- 
lative, the 3 dB branched-arm coupler of Fig. 14(b) may be used; 
wing to the elimination of the 3A segment a somewhat reduced 
requency sensitivity is to be expected, and this has been confirmed 
Kperimentally. Because of the extreme width of the low- 
mpedance conductors the exact electrical length of the branch 
ms becomes rather uncertain, and for this reason it has been 
ound advantageous to rearrange the circuit as shown in Fig. 14(c). 
. specimen having a design centre frequency of 3 300 Mc/s was 
esied and gave a power split equal within 1dB from 2700 to 
#90 Mc/s, which is over twice the bandwidth usually possible 
vit a rat-race for the same performance. There was no evidence 
f any improvement in decoupling, however, which was down 
> '0dB at the extreme frequencies. 

| should be noted that Figs. 20(a) and (c) are drawn to the 
sme scale and are based on the same design centre frequency 
f +300 Mc/s, a line impedance of 50 ohms, and dielectric-sheet 
a kness of +5in. If the design centre frequency were to be 
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increased, all other parameters remaining unchanged, the inner 
circumference of the ring would eventually decrease to zero. 
There is therefore an upper frequency limit to these ring circuits 
which is reached more quickly for the 3dB branched-arm 
coupler than for the rat-race. This can be overcome by increasing 
the line impedance or by decreasing the thickness of the dielectric 
sheet, the latter solution being generally preferred provided that 
the small increase in attenuation can be tolerated. A further 
point to be noted is that when the inner diameter becomes small 
the effective electrical length of the ring is no longer equal to 
the mean circumference and a small correction is necessary. 

In order to increase the operating bandwidth of the branched- 
arm coupler the number of branches may be increased to three 
or more. The impedance of the outer branches tends to become 
impracticably high, however, and it has therefore been found 
preferable to resort to the slot-coupling technique described in 
Reference 25. 

A very considerable improvement to the conventional rat- 
race can be obtained by replacing the 3A segment by a 4A 
segment in conjunction with a phase reversal. This arrangement, 
known as the reverse-phase hybrid ring,>? is illustrated sche- 
matically in Fig. 15. It is possible to show that this circuit 
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Fig. 15.—Reverse-phase hybrid ring. 


(a) Schematic. 
(6) Theoretical power-transmission curve. 


ensures perfect decoupling and power division over an infinitely 
wide frequency band. The input match is still a function of 
frequency, however, and as the frequency of operation departs 
from the design centre frequency an increasing amount of power 
is lost by reflection. An example of an experimental ring circuit 
executed partly in microstrip and partly in balanced strip line 
is illustrated in Fig. 16. The phase reversal which is situated in 
the part of the ring circuit executed in balanced line is illustrated 
in greater detail in Fig. 17. The discontinuity susceptance of the 
phase reversal is quite smal!, and there is no significant evidence 
of radiation. The performance of the ring circuit as a whole 
is illustrated in Fig. 18. 
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| A balanced mixer based on the above hybrid ring, together 
with two crystal mounts as described in Section 6.4, is illustratec) 
in Fig. 19. In order to simplify the mounting of the coum 
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Fig. 16.—Experimental reverse-phase hybrid ring. 


(a) Upper conducting system. (a) (b) 
(b) Lower conducting system. 


BUS OR FSG: Su Drees ee Fig. 19.—Balanced mixer employing reverse phase hybrid ring. 


4 ae connector of the lower input arm, the lower strip conductor i 
\ 6 flared out to form a ground plane for the upper strip conductor. 
F However, there exists a danger that small currents flowing Coy 
eee the underside of this conductor may find their way along the 
f outside of the coaxial cable and eventually reach the main ground’ 
pe Sie plane via the outside of the other coaxial outlet, or via the crystal) 
PLAN holders. For this reason a planar radial choke is provided. 
25 SWG. WIRE In conclusion, it may be of interest to mention the novel! 
2 : -arm tion illustrated in Fig. 20. This component is of) 
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Fig. 17.—Details of phase reversal. 
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Fig. 18.—Experimental reverse phase hybrid ring. Sa aie: 
cee NN, oes where Z;, Z, and Z; are the external circuit impedances, and 


Zec and Zep are the characteristic impedances of the trans- 


(c) 20 log = mission lines BC and CD. It will be noted that the impedance 


Es E2 
(a) 20 log lel (b) 20 log AR 


‘\f the line BAF remains unspecified. In practice an additional 
irm is added to the junction at A and provided with a short- 
‘ircuiting post at a distance of one quarter-wave from A, thus 
sroviding a common d.c. return for the two crystals. 


(6.6) Directional Couplers 


Directional couplers of the branched-arm type have been 
mentioned briefly in the last Section. For narrow bandwidths 
nd with large coupling they are no doubt quite satisfactory, but 
otherwise there is a tendency for the characteristic impedance 
of the branch arms to assume impracticably high values, e.g. 
eater than 150 ohms. For coupling values less than —10dB a 
more practical proposition is the parallel-line coupler. Two 
‘trip conductors situated in close proximity are printed on the 
same board. Coupling occurs through fringe-field interaction, 
und because the lateral attenuation of the field is rapid the con- 
uctors must be closely spaced. There are two principal limita- 
jons to this device, first, the coupling varies rather rapidly with 
‘requency, and this variation cannot conveniently be controlled; 
secondly, there is evidence that the coupled section can resonate 
m a balanced twin-strip mode. The latter tends to produce 
erratic variations in directivity similar to the long-slot effect in 
«iet-coupled waveguides. In an attempt to overcome the 
various limitations of the previous designs a type of directional 
soupler has been developed comprising two microstrip trans- 
mission lines mounted back to back and coupled through a 
series of discrete slots in the common ground plane. By a 
uitable choice as to size, position and number of the coupling 
oles a wide variation in coupling strength is possible. More- 
ver, according to the shape of the hole, either forward or reverse 
Hirectivity can be obtained. Finally, by modifying the phase 
elocity in one of the two lines the coupler can be broadbanded 
30 as to give virtually constant coupling over bandwidths as 
jarge as 1-6: 1. This work is described in a companion paper.?> 


(6.7) Power-dividing Networks 


A potentially fruitful application of strip-transmission-line 
‘echnique occurs in the design of power-dividing circuits, where 
a large number of separate outputs are to be derived from a 
ingle input.*:2© Usually these networks are built up in the 
Yorm of a tree from one or other of the simple two-way dividers 
shown in Fig. 21. In the first divider matching is achieved by 
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Fig. 21.—-Binary power dividers. 


(a) With quarter-wave transformers. 
(b) Tapered. 
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the use of quarter-wave transformers, whereas in the second a 
gradual taper is used. 

The successful design of the tapered dividing section depends 
on a proper appreciation of the fringe-field interaction at the 
point of division. This is illustrated in Fig. 22 for a worked 
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Fig. 22.—Fringe-field effects with power dividers. 
(a) In contact. (b) Contiguous. (c) Remote. 
example comprising, for simplicity, an air-spaced line. At the 
point of bisection, Fig. 22(b), the effective impedance of each 
line referred to the generator is evidently twice that of the unbi- 
sected line. Looked at another way, the one conductor in effect 
acts as a guard conductor for the other. However, when the 
lines have separated a sufficient distance, as shown in Fig. 22(c), 
the fringe fields take up their normal condition on both sides of 
each conductor, and hence the impedance falls from 90 ohms 
to about 80 ohms. From this illustration it can be seen that 
for low reflection the conductors must separate very gradually. 
Alternatively the input line should split into two separate con- 
ductors which diverge as rapidly as possible, the width of each 
being chosen to give 90 ohms when considered separately.”° It 
is believed that the former method gives the smoother transition. 
With these principles in mind a 4-way power split with gradual 
tapers was built. In this design the strip conductor gradually 
widens so as to reduce the impedance to about 20 ohms, at which 
point the conductor divides. The separation between the two 
conductors is gradually increased until the mutual interference 
of the fringe fields can be neglected, at which point the two 
conductors divide again, the impedance level at this point being 
about 30 ohms. This gives a very smooth transition, with a 
high degree of symmetry between the four outlets and an overall 
length of only 12cm. Over the frequency range 2500-4 100 Mc/s 
the average input v.s.w.r. was 0°85, and the equality of power 
division was better than ?dB at most frequencies. 


(6.8) Filters 
(6.8.1) General Considerations. 


Basically there is no difference in technique between strip-line 
and other types of transmission-line filter. However, if the 
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fullest possible advantage is to be taken of printed-circuit tech- 
niques all the elements should be in planar form. In itself this 
is not a serious restriction, for there exists an adequate range of 
such elements. On the other hand, since the designer has only 
two dimensions to play with, he is frequently restricted in regard 
to the range of electrical values possible. An example of this, 
which has already been mentioned, is the series capacitor used 
on the broad-band crystal mount (Section 6.4), and a similar 
difficulty occurs with shunt capacitors, since the strip conductor 
frequently tends to assume dimensions which are prohibitively 
large fractions of a wavelength. This can, of course, be over- 
come by a local reduction of the ground-plane spacing, but 
mechanical complications of this kind are undesirable. 

These difficulties are particularly evident when designing 
filters with constant-k or m-derived sections. To obtain the 
precise cut-off frequency desired a fair amount of experimental 
adjustment has been found necessary. Furthermore, it is fre- 
quently impossible to ensure freedom from spurious responses 
over a sufficiently wide bandwidth. Despite these difficulties a 
very considerable measure of success is understood to have been 
achieved with these types of filter in applications where the 
operational requirements would appear not to be too 
stringent.> 27-29 

Another important consideration is the Q-factor of the elements, 
and in this respect high-Q triplate line has a definite superiority. 
In the first place the dissipative losses are a good deal lower, 
and secondly, it is easier to limit the loss by radiation or mode 
conversion (see Section 2.3). This does not exclude the possi- 
bility of satisfactory filters in microstrip, however. In the case 
of low-pass filters it is not essential for the elements to have a 
very high Q-factor, and it is sufficient to ensure the selection of 
suitable elements noteworthy for the absence of any marked 
tendency to radiate. Alternatively, as in the case of band-stop 
filters, it has been found that the problem may be circumvented 
quite successfully by fabricating the critical elements as enclosed 
cavities which are then coupled to the microstrip line by suitable 
means. 


(6.8.2) The Tapered-Re-entrant-Line Low-pass Filter. 


In an attempt to overcome the various limitations mentioned 
above a new type of low-pass filter has been developed. It 
operates by virtue of recurrent wave interference between two 
transmission lines having in effect different velocities of propa- 
gation, and is a development of the re-entrant transmission-line 
filter originally described by Andrew Alford?° in 1938. Fig. 23 


Fig. 23.—Tapered re-entrant line low-pass filter. 


shows the strip conductor configuration and general construction 
of one of these filters, and Fig. 24 a typical response curve. The 
rate of rise at the cut-off point is extremely rapid, namely 50dB 
at about 100 Mc/s. A small dip in attenuation to 28 dB occurs 
at 8600Mc/s, but otherwise the insertion loss is greater than 
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Fig. 24.—Tapered re-entrant line low-pass filter. 
Measured results. 


i) 
| 
30dB at all frequencies up to the highest measured frequency | 
of 12000Mc/s. A particular feature is the high repeatability i 
in the pass band; as can be seen from Fig. 24, the spread between )) 
four identical filters is less than 0-5dB right up to the cut-off} 
point. No special techniques were used to ensure this high | 
repeatability, apart from accurate machining of the filter box - 
and the use of a set of special dowel pins to ensure accurate} 
registration of the prints on the two sides of the Fibreglass board. 

It will be noted that, in the example shown, the high-Q tri- | 
plate form of construction has been adopted. Filters of the! 
same type have been constructed in microstrip and equally rapid i 
rates of rise at the cut-off frequency have been obtained, as also} 
equivalent insertion-loss characteristics in the pass band. How- 
ever, a good deal of difficulty was experienced in screening the | 
microstrip filter, since the natural resonances of the screening | 


i 
box tend to be excited, thus producing a perturbation of the | 
response characteristic. 

The theoretical principles involved in the design of these} 
filters cannot be dealt with properly here and they will therefore}: D 
be described in a later paper. It is worth pointing out, however, ) } 
that although the theory of these filters is somewhat difficult} 
their physical realization is extremely straightforward. For) 
example, the measured cut-off frequency of the first model was 
within 1% of the theoretical, and consequently never needed | 
any subsequent readjustment. The principal disadvantage is 
that, per decibel attenuation, the overall length is somewhat ° 
greater than for the conventional constant-k type filter. | 
Filters of this kind with higher cut-off frequencies, in the! 
range 7000-8000 Mc/s, have also been made and have na 
formed with equal satisfaction. 


f 


—o 


(6.9) Miscellaneous Components 


Certain components have necessarily been excluded in the 
interest of brevity. Two recent developments should be mentioned 
in passing, however. One is a new form of high-pass filter 
capable of satisfactory operation up to 3 or 4 times the cut-off” 


requency. This, in combination with the low-pass filter 
scribed above, has allowed the design of wide-band band- 
sass filters. The other is a novel form of microscrip isolator of 
‘tremely compact and simple form. Details of this latter 
velopment were given by L. Lewin at The Institution’s Con- 
ntion on Ferrites, 1956.* 


1) DUPLEX-WORKING TRANSMITTER-RECEIVER FOR THE 
FREQUENCY RANGE 3800-4200 Mc/s 


(7.1) Introduction 
_A description of this unit is included in the present paper as 
: provides a good illustration of the way in which isolated micro- 


rip components may be integrated to form a single assembly. 
rhe unit, illustrated in Fig. 25, forms part of an equipment used 
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of the r.f. head; it will be observed that the same oscillator is 
used for both transmission and reception. For transmitter- 
receiver No. 2 the frequencies f,; and f, in Fig. 26 are interchanged 
and the antenna is connected instead to terminal B. 

Equipment for this purpose incorporating standard waveguide 
has of course been available and in use for some time. The new 
unit, however, has certain advantages. The volume is about 
two-thirds that of the original unit; a worthwhile reduction in 
weight has been achieved; the unit can be set up more quickly 
to any desired pair of frequencies 60 Mc/s apart in the band 
3 800-4 200 Mc/s. Furthermore, a change to other frequency 
spacings is relatively simple, and the adjustment of leak-through 
power from the master oscillator to the mixer is largely inde- 
pendent of the frequency-setting control. The performance is 
comparable with that of the standard waveguide head, except 


(b) 


Fig. 25.—Microstrip duplex working r.f. head. 


‘or the routine testing of the propagation properties of a micro- 
weve path. These measurements involve transmission in one 
4irection only, but for the purpose of lining up the antennae 
urd for other similar adjustments it is useful to have ‘talk back 
‘# jlities in the reverse direction. Fig. 26 shows the composition 


* Lewrn, L.: ‘A Resonance Absorption Isolator in Microstrip for 4Gc/s’, Pro- 
‘e« lings ILE.E., 1957, 104B, Suppl. 6, p. 364. 


for a slight increase in overall antenna/crystal-mixer insertion 
loss of the order of 1-5dB. 

The microstrip panel is fabricated from 4 in copper-clad p.t.f.e. 
impregnated Fibreglass and, unlike the previously described 
components, employs a transmission-line impedance of 70 ohms. 
For rigidity the panel is bolted to a backing plate of +4 in 
aluminium. 
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Fig. 26.—Block diagram of duplexing system. 


(7.2) Detailed Description of the Circuit 
A detailed schematic of the microstrip filter panel is given in 
Fig. 27. The r.f. oscillator (mounted at the rear of the panel) 
generates a signal of frequency f;, which splits equally between 
the arms P and N of rat-race No. 2, the signal at P being in 


-— > 
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O 
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where n is the difference in length between the two lines expressed | 
as the number of electrical wavelengths at frequency f;, and) 
f, is assumed larger than fi However, in deducing this ae | 
ship it is assumed that 7 is an integer. For this reason it is not} 
possible to make an absolutely independent choice of f; and fy. 
Nevertheless, it is possible to approximate the desired conditions | 
very closely, and the bandwidth of the filter is sufficient for any 
error caused to be of negligible importance. 

In the present case the design specification required f,; and f,| 
to be 3790 and 4030Mc/s, respectively. From eqn. (1), ) 
n = 33-6, the nearest integer being n = 34. The precise values 
of f; and f, are thus 3970-75 and 4030-00 Me/s. Allowing for} 
the lengths of MN, KC and DF, this gives, in practice, a cable! 
of approximately 1-6 metres in length. 

As the frequency is gradually raised from f, to fy, the outpiiy 
power gradually shifts from arm J to arm L. Hence, for the’ 
complementary equipment at the second terminal station the 
antenna is connected to terminal B instead of terminal A. Like- | 
wise the matched load is transferred from arm L to arm J. 
Otherwise the two equipments are identically tuned. 

It can be shown that the response of this filter is mon 
with frequency, thus providing a fairly broad region over which | 
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Fig. 27.—Schematic of duplexing filter. 


phase with that at N. Only a very small amount of power 
leaves by the arm Q, but it is just sufficient to ensure near optimum 
operation of the crystal mixer circuit. The length of the trans- 
mission line PDCK relative to the transmission line NM is such 
that the signals of frequency f; appearing at the points K and M 
are 180° out of phase. In this case all the power of frequency /; 
flows out through the arm J into the antenna circuit, and only a 
negligible quantity is dissipated in the matched load. 

At the same time a signal of frequency f, is received by the 
antenna and splits equally between the arms K and M of the 
rat-race No. 1, the signal at M being 180° out of phase relative 
to the signal at K. Only a negligible quantity of power is 
dissipated in the matched load in the arm L. The length of the 
transmission line PDCK relative to the transmission line NM is 
such that the signals of frequency f, appearing at the points P 
and N are 180° out of phase. In this case the signals combine 
in the arm Q and cancel in the arm O. Hence, virtually all the 
received power is delivered to the crystal mixer circuits, and 
none is dissipated in the local oscillator. 

The requirements with regard to the lengths of the transmission 
lines PDCK and JMN are given quite simply by the relationship 


eka! Peds 
2h — fi 


L= 


operation is possible without any significant variation in loss.’ 
This property is clearly exhibited in the measured results of 
Fig. 28. A second property of importance is that under ideal’ 
conditions the filter presents a perfect match at both its input 
and its output terminals for all values of f. In practice, owing 
to the number of junctions, the input match to the unit as a 
whole varies from about 0-5 to 0-8 over the operating baa 
3 800-4 200 Mc/s. 

In order to equalize the loss in the short and the long trans-: 
mission lines a small attenuator is provided in the path NM. 
By this means it is possible to ensure that at the frequency hr 
the power delivered to the arm O is very small indeed, e.g. 
—30dB relative to the arm Q. The degree of rejection provided 
is, in fact, in excess of the operational requirements. To cover 
small changes in frequency a special tuning control is provided. 
This device, which is a form of phase-shifter, or line-stretcher, 
comprises a tapered dielectric slab which may be slid over the 
microstrip line, thus modifying the velocity of propagation in the 
line. To provide both positive and negative variations a circuit 
configuration has been chosen which allows the slab to be moved 
either over the line KC or over the line MN. The slab, which 
measures approximately 43in and 3in between opposite corners, 
is fabricated from styrene and provides a tuning range of 
+17Mc/s. Operation of this control shifts both resonant 
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Fig. 28.—Insertion loss characteristic of duplexing filter. 


-——— Input A. 


- — — Input B. 


Output monitored by crystal mixer. 


vequencies simultaneously, and leaves the frequency spacing 
- — f; virtually unaltered. 

‘A number of matched loads with styrene clamping bars are 
rovided for lining up the unit. Each load consists of a carbon- 
weked card 24in long by 1in wide having a surface resistivity 
£100 ohms. Only one is required for normal operation and the 
emainder may conveniently be stacked in a spare position at the 
op left-hand corner of the panel (see Fig. 25). 

The requirement that the leakage of oscillator power from 
ae arm O to the arm Q be controllable over a range of about 
-23 to —30dB requires an additional form of tuning control. 
his is so because quite small mismatches at the arms P and N 
f rat-race No. 2 will cause a considerable variation in decoupling 
etween arms O and Q. It was found experimentally that the 
ryrene slabs used for clamping the loads in position could be 
sed as tuning elements capable of giving the small amount of 
otrection required. These slabs may be placed as shown in 
ig. 25 so as to form an elementary double-stub tuner; the 
ositions are adjusted empirically until at the frequency f, the 
ght amount of crystal current for optimum mixer operation is 
chieved. 

No special difficulties were encountered during testing and the 
nit handled easily. However, the change from the more usual 
alue of 50 to 75 ohms has the disadvantage of increasing the 
‘lative amount of power carried in the air space above the 
electric. In a balance condition the placing of metallic objects 
ithin about one inch of rat-race No. 2 will produce a noticeable 
teration in oscillator leak-through power. However, the effect 
n the other properties of the filter is negligible, and little diffi- 
ilty has been experienced in practice. Two of these units 
ere in service for some while, and apparently gave very little 
cable. Such failures as occurred could not be attributed to 
“ printed circuit. Some anxiety, however, was felt about the 
fects of moisture condensing on the surface of the printed 
izel, but it appears that hermetic sealing of the unit as a whole 
“vides adequate protection. 


(8) CONCLUSIONS 
wide variety of microwave components have been described, 
of which are in strip-line form, and fabricated by printed- 


circuit techniques. These components have a performance 
which is generally comparable with waveguide; the r.f. losses 
tend to be slightly higher, but the operating bandwidth is usually 
larger. There is also a limitation in regard to power-handling 
capacity. 

For broad-band non-resonant applications the open microstrip 
system has been found quite satisfactory. It has the merit of 
simplicity and is easier both to test and to manufacture. There 
is a small tendency to radiate, however, and microstrip receiver 
components should therefore not be exposed to large r.f. fields, 
such as might be produced by a badly screened local oscillator 
or a transmitter. These components must also be protected 
against the weather; with p.t.f.e. Fibreglass, however, the water 
absorption is quite low and prevention of excessive surface 
condensation is probably all that is required. 

In the case of resonant circuits the high-Q triplate line is 
perhaps more satisfactory, although this does not exclude the 
possibility of certain types of filter circuits in microstrip. Tri- 
plate line is also rather more convenient where a totally enclosed 
packaged component with plug-in coaxial connections is required. 
The two ground planes, together with the side and end supports, 
form a natural enclosure, whereas in the case of microstrip a 
special box must be provided and certain precautions may be 
necessary to prevent resonances in this box. 

It is too early to comment other than very generally on the 
economics of strip-line components. The cost of fabrication 
appears to be considerably less than for normal waveguides, 
whilst the cost of testing the components is likely to be very 
much the same. Generally speaking, it is safe to say that the 
economic advantage will be much larger than in the case of low- 
frequency printed-circuit applications, where the advantage is 
usually very marginal except when very large quantities and 
extensive mechanization are involved. For this reason the use 
of strip-transmission-line techniques is already proving econo- 
mically worth while, even when the quantities involved are of 
the order of hundreds or even dozens. Jn certain applications, 
however, the economic advantage may be quite subordinate 
to certain other features, e.g. small size, bulk and weight, 
inherently large bandwidth, and a potentially high order of 
reproducibility. 
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SUMMARY 

‘The re-entrant line filter section first described by Alford in 1939 
»employed. The theory of these filters is expanded, and a novel 
wceedure is described for the design of microwave low-pass filters 
ssessing a relatively high stop-band insertion loss ovér bandwidths 
13:1 or more. The filter may conveniently be realized in strip- 
unsmission-line form utilizing printed-circuit techniques. In this 
wm it appears to possess certain advantages over strip-line filters of 
mre conventional design, notably the large operating bandwidth, 
_d the accuracy with which the cut-off frequency can be computed. 
variety of these filters have been constructed both in microstrip and 
‘plate line, the latter form being more suitable for packaged units. 
, yery high degree of electrical reproducibility comparable with the 
st waveguide practice has been observed, with the advantage of 
iiusced manufacturing costs. 


LIST OF PRINCIPAL SYMBOLS 


Zy = System operating impedance, e.g. load or generator 
impedance, generally taken as unity. 
Z;, Zz = Characteristic impedance of transmission lines 1 
and 2. 
Z = Characteristic impedance of transmission lines 1 
and ton 27, = "2. 
(Zee, Zoe = Short-circuit and open-circuit impedances of com- 
plete filter section. 
scho Zoch = Short-circuit and open-circuit impedances of 4 
bisected section. 
Z; = Image impedance of filter section. 
Zio = Zero-frequency image impedance of filter section. 
Zix = Image impedance normalized to give Zj9 = Zo = 1. 
y = Propagation coefficient of whole filter section 
(= « + jp). 
a = Attenuation coefficient of whole filter section. 
B = Phase-change coefficient of whole filter section. 
6,, 8, = Lengths of transmission lines 1 and 2. 
f, = Cut-off frequency. 


(1) INTRODUCTION 


The filter to be described was developed as part of an investiga- 
on into the properties of strip transmission lines,! the specific 
‘quirement being a low-pass filter with a sharp cut-off, an 
perating range of several octaves and a high degree of 
sproducibility. Since moderately large quantities might be 
-quired, the adoption of a printed-circuit technique had obvious 
ttractions.” 

The conventional low-pass filter circuit [Fig. 1(@)] was con- 
dered, with C and L replaced by short lengths of transmission 
ne [Fig. 1(b)], but two major problems were encountered. 
‘est, in a planar system with uniform ground spacing it is 
ifacult to obtain sufficiently large values of C and small values 
f 4; the transmission lines accordingly tend to be rather long, 
au very critical proportioning of the circuit elements 1s required 
» prevent the first spurious pass-band occurring below Bhs 
fs difficulty is accentuated when m-derived terminations are 
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Fig. 1.—Prototype constant-k section. 


(a) Low-frequency lumped circuit. 
(6) High-frequency approximation using transmission lines. 


to be added, for these tend to be even more frequency-sensitive 
than the prototype constant-k sections. The second problem 
arises from the important discontinuity effect at the junction 
between the series and shunt lines. For example, should the 
length of the series arm be measured between the centre-lines of 
the shunt strip conductors, or between the adjacent edges? 
Attempts to determine the cut-off frequency more precisely, 
using data given by Oliner,? have not proved entirely successful, 
and no alternative to trial and error has been found. Finally, 
the presence of the open end to the shunt arm is objectionable 
when microstrip is used, because it has a tendency to radiate. 
These difficulties suggested that the filter should be approached 
entirely in terms of long-line theory, and of the various alternatives, 
the re-entrant line section (Fig. 2) appeared to have particularly 
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Fig. 2.—-Single-section re-entrant line filter. 


attractive possibilities, in view of its similarity to conventional 
hybrid-ring structures. In experiments with microstrip hybrid 
rings it had already been found’ that the effective electrical 
length of the ring is very closely equal to that calculated on the 
basis of the arithmetic mean circumference, even when the strip- 
conductor width is a considerable fraction of the ring diameter. 
It had also been found that both the junction effect at the con- 
nection to the ring and the tendency to radiate were small. An 
additional advantage appeared to be the absence of open-circuits 
and large changes in strip-conductor width, since the most 
favourable condition of operation is given by Z; = Z. 

The re-entrant line circuit was first described by Alford> in 
connection with the matching of open-wire feeders, but because 
of the restricted character of his problem, Alford’s analysis is 
only of limited use in the present application; the problem has 
been thus approached afresh, and a new technique has been 
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developed for the design of multi-section filters giving results 
equivalent to those obtained by a conventional m-derivation 
process. 


(2) PRINCIPLES OF OPERATION 
(2.1) The Single Re-Entrant Section 


The elementary filter section shown in Fig. 2 is analysed in 
Section 6.1, where it is shown that, if a high stop-band insertion 
loss is required over a large bandwidth, the most favourable 
operating condition is given by Z; = Z, = Z; the expressions 
for the image impedance and the propagation coefficient derived 
there may then be simplified to 


Zz Al sin 6; sin 6, ig (1) 
CaN ea eg) | 
sin 0, sin 0, ik es 
and y = arc tanh | CE Fecal ale . (a) 
or y = 2 arc tanh (— tan 40, tan 40,)'? (2b) 


If 0, is the longer line, the principal cut-off frequency is given 
by the condition 6, = 7; the other cut-off points, together with 
the frequency for which « = 00, can be determined by inspection 
of eqns. (1) and (2), the latter being given by (0; — 02) = 
(2n + 1). These data are presented in graphical form in Fig. 3, 
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Fig. 3.—Location of stop bands and pass bands, 


———. Locus ofa = ~, 
———w— Locus of Z; = 0. 
Locus of Zj = ©, 


Shaded areas denote stop bands. 


which also shows the zeros and poles of Z;. From eqn. (3) the 
zeros occur either when 0, = nz or when 0, = nz, and the poles 
occur when (9; + 63) = 2nz. 

It will be noted that, as with all transmission-line filters, the 
stop bands are periodic with frequency; furthermore, by a 
suitable choice of parameters, the width of the stop bands or 
pass bands can be adjusted as required. Hence the filter is of 
the most general kind and may be used for low-pass, high-pass, 
band-pass or band-stop operation. 

Now it is important to note the manner in which Z; varies 
with 0,/8,. Let 0;/0, =k, a constant; then as the frequency 
tends to zero, Z; tends to 


Zi9 — Zk + k)-! e (3) 


It will be observed that the image impedance falls with increas- 
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ing disparity in the line length. In general, it is desirable to se) 


Zjo equal to the load and generator impedance, Zp, i.e. so that i 
Z= Zl + kN (4 


At the same time it is convenient to normalize the impedaner, 
level by setting Zp) = 1, the normalized image impedance, Zj, | 
being given by 4 


[sin 8, sin (0,/k)]'? (5 
sin $(1 + k~!)0, ' = 


This relationship is plotted in Fig. 4. Comparison of these! 
curves with those in Fig. 3 shows that the closer the peak ol) 
infinite attenuation to the cut-off frequency the worse is the 
match just below the cut-off frequency. 


Zix = 40 + Kk" 


YL 
Ne 
ANY 


flesh fe a 
CEP PPE 
. See 


0-86 ee 


0-84 0-92 +0 


t/te 


Fig. 4.—Variation of image impedance just below cut-off. 
All sections normalized to have same zero-frequency image impedance. 


0:96 


(2.2) Filters with Several Identical Sections in Cascade 


In the simplest case, where the specification is not too strict 
it may be adequate to employ a number of identical sections it 
cascade without the aid of special terminating sections. In ordei 
to achieve the best possible pass-band characteristic, a low valu 
of k should be used, although—as can be seen from Fig. 3— 
a value of k less than 2 will result in a reduced bandwidth for th 
first stop band. In this connection it will be noted that the valu 
k =2 appears particularly attractive, since the stop ban 
extends from f, to 3f,.. A design based on this value is describe 
in Section 3. 


(2.3) Filters with Transforming End Sections 


For reasons discussed in Section 7.2, the conventioné 
m-derivation technique is not applicable to this type of filtes 
An alternative procedure has been outlined by Cohen® for th 
conventional prototype low-pass section whereby the end section 


we a cut-off frequency approximately 1-3 times that of the 
atral sections. This is based on the fact that at 0:707f, the 
se shift of a prototype section is 90° and its impedance is 
07Z. Thus, at the frequency just below cut-off of the 
tre sections, where the impedance is 4Zo, the end section 
rates aS a quarter-wave matching section. The same tech- 
que can be used here, but because Z; and y are functions of k 
well as frequency, the precise numerical factor would depend 
the value of k employed. This additional freedom has 
gested a variation of this technique which has the advantage 
at the cut-off frequency is the same for both the end and the 
tre sections. The centre sections are chosen to have a fairly 
zh value of k, as a result of which Z; is low in the cut-off region. 
» compensate for this, the two end sections are each given a 
w value of k such that at some frequency below the cut-off 
equency the image impedance of the end section is the geometric 
ean of the generator/load impedance and the centre-section 
age impedance, the numerical values being determined from 
&. 5. The two values of k are selected by trial and error, so 
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Fig. 5.—Variation of tanh y just below cut-off. 


jat, at the frequency at which the geometric-mean relationship 
| maintained, the phase shift of the end section is 90°, i.e. 
mh y=, The precise matching conditions are maintained 
: one frequency only, but because the image-impedance functions 
wt the two values of k vary with frequency in the same general 
ianner, and because the tanh y function for the low value of k 
‘rather flat, an improved match is obtained over quite a sub- 
lantial bandwidth. 


(2.4) The Tapered Re-Entrant Line Filter 


| Tne technique described briefly in the latter part of Section 
3 may be improved by providing a gradual variation in k 
«eughout the length of the filter, as illustrated schematically 
| Pig. 6. The inner sections, which are given high values of k, 
rovide a sharp cut-off characteristic, whilst the low-k outer 
“ons ensure a good match to the external line impedance at 
ecuencies just below the cut-off. In order to obtain a good 
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Fig. 6.—Schematic of tapered re-entrant line filter. 


internal match at frequencies well below the cut-off, the zero- 
frequency image impedances are made identical for all sections, 
with the result that the transmission-line impedance tapers from 
a low value at the outer sections to a high value at the centre. 

From Fig. 4 it will be seen that at frequencies just below cut-off 
there is a gradual fall in normalized image impedance as the 
centre of the filter is approached. The filter as a whole may 
therefore be regarded as a form of tapered transmission line, 
and may to some extent be analysed accordingly. The principal 
difference is that in the pass band the impedance gradient (i.e. the 
rate of change of impedance with respect to equivalent electrical 
length) increases with frequency. 

The advantage of regarding the tapered re-entrant line filter 
in this way is that certain criteria already exist for ordinary 
tapered lines;’ these may be used to determine qualitatively the 
number of transforming sections required and their impedance 
ratio in order that the v.s.w.r. shall not exceed a certain specified 
figure at some given frequency just below the cut-off. 

So far as the stop-band performance is concerned, it would 
seem desirable to select values of k which will produce a fairly 
even spread of frequencies of infinite attenuation throughout the 
range of interest. There is no fundamental conflict between this 
requirement and that previously expressed in regard to the pass- 
band requirements, but it should be noted that a linear impedance 
taper will result in a rather severe crowding of the frequencies of 
infinite attenuation towards the lower edge of the principal stop- 
band. A more even spread would be produced by an exponential 
taper. 

Since the individual sections are not matched on an image- 
impedance basis, the detailed analysis of the complete filter is 
extremely difficult. Matrix methods may be used,’ but the 
expressions finally obtained are so complicated as to give virtually 
no clue to overall performance without resort to laborious 
numerical evaluation. Numerical resolution has, in fact, been 
undertaken only in order to check certain specific regions of 
interest. 

The inability to match all sections on an image-impedance 
basis introduces another difficulty, in that, under certain circum- 
stances (see Section 7.4) the mismatch between adjacent sections 
can cause spurious responses in the stop band. Methods of 
overcoming this difficulty are discussed in Section 3.2. 


(3) EXPERIMENTAL WORK 
(3.1) Simple Filter 


An experimental design based on six identical sections and 
fabricated entirely in microstrip (open-type line-above-ground) 
is illustrated in Figs. 7 and 8, each section having kK = 2. In 
order to improve the match at the upper end of the pass band, 
the operating impedance level has been increased somewhat above 
that appropriate to the condition Zjyg = Zp. The rate of cut-off 
of this design compares quite favourably with the more elaborate 
design described later. On the other hand, the pass-band insertion 
loss is somewhat high, and the stop band, extending as it should 
from 3 to 9Gc/s, is punctuated by a number of very narrow 
spurious responses. These responses are not unique to this 
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Fig. 8.—Response of 6-section low-pass filter. 


design, however, and they are discussed in greater detail in 
Section 3.2. 

No attempt was made to cure the spurious response, since the 
filter suffered from a rather more serious limitation of a practical 
character: owing to the open nature of the line, the performance 
of the filter in the cut-off region was seriously affected by metallic 
objects in its vicinity; the sensitivity depended on the orientation 
of the object with respect to the axis of the line, and was most 
severe in a direction vertically above the line, where a clearance 
of at least 10in was required. At frequencies remote from 
cut-off (either stop-band or pass-band) the sensitivity was very 
much reduced. It is reasonable to assume that in view of the 
sharp cut-off a small change in energy stored in the far field 
was sufficient to produce a noticeable detuning effect. 

Filters with simple end transforming sections as described in 
Section 2.3 have also been constructed. Worth-while improve- 
ments were obtained, and the method appears to have con- 
siderable application where a short filter is required. 


DUKES: RE-ENTRANT TRANSMISSION-LINE FILTER USING PRINTED CONDUCTORS 


(3.2) Tapered Re-Entrant Line Filter 


A considerable amount of work was undertaken on this tyj| 
of filter, mostly devoted to eliminating spurious stop-bat} 
responses and adjusting the performance by the elimination «fp 
addition of one or two sections. Basically there was no alter | 
tion to the initial design, and it is noteworthy that on the fir) 
trial the measured cut-off frequency was within 2% of tl 
calculated value. The high-Q-factor triplate? form of cor 
struction was used (see Fig. 9), thus avoiding the difficultit! 


Fig. 9.—Tapered re-entrant line filter. 
The high-Q-factor triplate form of construction is used. 


mentioned in Section 3.1, the Fibreglass sheet being supporte 
between two U-shaped channels which ensure that the grounc 
plane spacing follows any variation in the sheet thickness. Unde 
these conditions the impedance variation is less than if tk 
ground-plane spacing were held constant. To ensure adequat 
contact between the two ground planes, copper-foil strip is folde: 
around each edge of the Fibreglass sheet. The basic paramete! 
of this design are summarized in Table 1. | 


Table 1 3 
SUMMARIZED DESIGN DATA FOR TAPERED RE-ENTRANT LIN 
FILTER : 
Nominal cut-off frequency . . 4100 Mc/s 
Operating range. ot 2 500-11 500 Mc/s 
Ground-plane spacing a co Sy/iGiie 
Thickness of dielectric sheet oe. Wiki 


Dielectric-sheet material 


P.T.F.E.-impregnated Fibreglas 
Strip conductor 


0-001 35 in copper foil 


Ground planes is of See Brass 
Total length of filter, including 

tapered end-sections - se Ibe bia 
Section Noss) 16 115-225 14993) 13 4512 on ent Ommrao 8 
6/02 L330 eS il 672 Os Ome Ono SO) 17-0 
Wiles e er 3 2-5) 220)" Ml Sa i Smee 
A, es 60:6 61-2 62-1 63:6 69:0 81:8 99:9 132: 


It will be noted that the design is based on a load impedanc 
of 30 ohms, which was chosen to reduce the impedance of tk 
centre sections and hence maintain a reasonable strip-conduct¢ 
width. Even so, the width of centre-section conductor is onl 
0-017in, which is about the limit of reliable photo-etching. A 
each end of the filter a tapered line is therefore provided to mate 
the filter to the external coaxial-line impedance of 50 ohm 
the length of these tapers being approximately A/2 at the mic 
pass-band frequency of 3-3 Ge/s. 

To test the reproducibility of these filters, four complete uni 
were manufactured; the ground-plane U-channels were man 
factured to a tolerance of approximately 0-001 in, but the coaxi 
fittings were picked at random from stock. The four pieces ¢ 
Fibreglass were cut from the same sheet, but otherwise r 
selection process was involved. To ensure accurate registratic 
of the front and reverse prints, glass plates were used in co! 


2-76 
0-43 


3-07 


yequency, Gc/s as iy 2-47 
: D6 28 0:24 


wread, dB. 0:29 


metion with a special arrangement of dowel pins. The prints 
ere then X-rayed to determine the accuracy of registration, 
hich was found to be within 0:005in. With the method of 
inting employed, the overall sizes of the circuits must, of 
yurse, be the same, but small discrepancies in the width of the 
ductor can arise from undercutting of the resist by the etching 
lution. With careful workmanship the variation should not 
ceed a small fraction of 0-001in, except perhaps with very 
in conductors, e.g. 0-005in, where the resist may peel off 
mpletely, owing to insufficient care in handling. 

Owing to faulty photo-etching (fortunately a relatively rare 
-currence) two of the four filters were imperfect, the foils being 
ted with small holes and scratches; in one case the imper- 
tctions were repaired by soldering, and in the other by silver 
ating. The final results of the reproducibility test are sum- 
satized in Table 2, and it will be observed that the four filters are 
asistent within $dB right up to the cut-off frequency. It is 
tlieved that, with a carefully controlled etching process and 
\reful mechanical inspection, the same order of reproducibility 
yeuld be possible under quantity production. 

‘As already mentioned, much experimental work was devoted 
i the elimination of spurious responses in the stop band, which 
curred principally at about 7 and 10:6Gc/s and were 
rstematically reproducible. A number of possible causes 
ere considered and investigated, including spurious coupling 
etween the input and output by the Hp, or other modes,” 
ipacitative or inductive coupling between adjacent conductors 
d possible spurious effects arising, for example, from the 


D Since the results of these tests were largely negative, 
\ was finally concluded that the spurious responses were an 
herent weakness of the design technique. 
| The latter possibility was investigated fairly carefully, first by 
| direct numerical computation and secondly via the restricted 
nalysis given in Section 6.3. Ten points in certain critical parts 
f the spectrum were computed numerically, but did not reveal 
1y spurious response. This is not of great significance, since 
€ measured responses are very narrow (e.g. 50 Mc/s between 
40dB points) and the effort required to investigate the entire 
op-band of 8Gc/s in this degree of detail would be quite 

ohibitive (unless undertaken on a computer). By contrast, the 
sstricted analysis given in Section 6.3 suggests that at least a few 
esponses are probable, and some criteria are there deduced as 
» where they are likely to occur in the spectrum. 

These conclusions would seem to be supported by the result 
f experiments in which the conductors and ground planes are 
ated with metals having a relatively poor conductivity; e.g. 
vith tin the transmission at the peak of the spurious response 
way be reduced by as much as 15dB or more. This technique 
as virtually no effect on the pass-band response, and is therefore 
ery useful, although by itself it does not appear to be sufficient. 

- was therefore found necessary to add a simple choke-type 
(fer at each end. These are integral with the tapered matching 
2ciions, thus maintaining the same overall length of the filter. 
‘he measured results are given in Fig. 10(a). 
| ia addition to the filter with a cut off at 4-1Ge/s, a scaled 
eesion with a cut-off at 7Gc/s was also constructed, with the 
sults shown in Fig. 10(b). Owing to the restricted width of the 
iiinal stop-band (7-11-5Gc/s) no difficulty was experienced 
"ii 1 spurious responses, and the addition of choke sections was 
ov sidered unnecessary. 

- VoL. 105, Part B. 
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Table 2 


REPRODUCIBILITY TESTON Four FILTERS 
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Fig. 10.—Measured responses of filters. 


(a) 4Ge/s. 
(b) 7Ge/s. 
From 4 to 11 Ge/s the loss is greater than 20 dB. 


(4) CONCLUSIONS 


The experiments have shown that satisfactory microwave 
filters can be constructed by printed-circuit methods. The low- 
pass filters described have electrical properties equal to those of 
similar coaxial or waveguide components, with the advantage of 
lower production costs and an inherently high order of repro- 
ducibility. A new type of filter circuit has been devised which, 
although unsuitable for other forms of construction, is par- 
ticularly well adapted to the strip-transmission-line technique. 
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The success achieved suggests that other types of filter, e.g. 
high-pass, band-pass, etc., should be possible, but it is likely that 
the best results, as in this case, will be achieved by selecting 
resonant structures which are in some degree particular to strip 
lines rather than by imitating existing waveguide or coaxial forms. 


(5) ACKNOWLEDGMENTS 


The author would like to thank Mr. L. Lewin for a number 
of helpful discussions, and Messrs. D. A. Williams and F. R. 
Sagnard, who carried out most of the experimental work. The 
paper is published by permission of Standard Telecommunication 
Laboratories. 


(6) REFERENCES 


(1) Duxes, J. M. C.: ‘The Application of Printed-Circuit Tech- 
niques to the Design of Microwave Components’ (see 
page 155). 

(2) ‘Symposium on Microwave Strip Circuits’, Transactions of 
the Institute of Radio Engineers, March, 1955, MTT-3, 
No. 2. 

(3) Ortner, A. A.: ‘Equivalent Circuits for Discontinuities in 
Balanced Strip Transmission Lines’, ibid., p. 134. 

(4) Ibid., p. 31. 

(5) ALForD, A.: ‘Transmission-Line Networks’, Electrical Com- 
munication, 1939, 17, p. 301. 

(6) ‘Very High Frequency Techniques’ (McGraw-Hill, New 
York, 1947), p. 666. 

(7) RaGan, G. L.: ‘Microwave Transmission Circuits’, M.I.T. 
Radiation Laboratory, Laboratory Series No. 9 (McGraw- 
Hill, New York, 1948). 


(7) APPENDICES 
(7.1) Basie Analysis of Filter 


Despite the simplicity of the circuit, a direct attack on the 
filter leads to very lengthy algebraic manipulations, except in the 
special case when Z, = Z,, and it is simpler to proceed by 
application of Bartlett’s bisection theorem,’ as follows. For the 
short-circuit termination the half-circuit input impedance is 
given by 


Zeon = (JZ, tan $0,)-! + GZ, tan30,)-“! . . © 
and for the half-circuit open-circuit impedance by 
Zech = (— JZ, cot $6,)—! + (— jZ, cot $0,)-! . 


By Bartlett’s bisection theorem the image impedance for the 
complete section is given by 


Z; = (ZenZock) : (8) 
= Z,Z,[Z; tan 46, + Z> tan 46,)(Z, cot 46, + Z> cot $6,|-1/ 
(9) 


Likewise, the propagation coefficient for the network as a 
whole is given by 


y = 2arc tanh (Z,,1/Z,.5)! . (10) 


Z, tan40, + Z, tan 460,\—1/2 ‘i 
Zi Se ATE Ty, Bere: 


= 2 arc tanh é 


Assuming the transmission lines to be free from dissipation, 
pass bands occur when Z; is real and y imaginary, and the stop 
bands occur when y is real and Z; is imaginary. 

The frequencies at which the attenuation of the section is 
infinite are given by the condition tanh ty = 1. 

The principal effect of varying Z,/Z, may be illustrated in the 
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following manner. From eqn. (9) it can be seen that w 
Z, = Z, the condition (@; + @2) = 27 is associated with a 

of the image-impedance function Z;; Z,,, and Z,,,; likewise 

pass through a pole simultaneously at this frequency. Howe 
if Z, + Z> the poles of Z,., and Z,,, are displaced, but 
opposite directions, which introduces a narrow pass-ba 
centred on the frequency corresponding to (6; + 42) = 
Generally, the presence of these narrow responses restricts 
application of the filter and it is therefore desirable in m 
cases to make Z; = Z). 


(7.2) Limitations of the m-Derivation Procedure 


As is well known, the image-impedance and propaga ic 
coefficients are related to the short-circuit and open-circull 
impedances by the relationships 


Zi a (Zaz 2 
tanh y = (Zefa ye 


and it is always possible to multiply all terms in Z,, by a constan) 
m and at the same time to divide all terms in Z,, by the sam 
constant; thus 

Z; = (ZeeZ,.)'!? as before 


but tanh y = m(Z,,/Z,,)!!” 


of which are well known. 
For transmission-line filters such as the present one, Z,, ane 
Zo, Must be expressed as polynomials in tan aw and cot aw, 
where a is an appropriate constant. Strictly speaking, 
m-derivation process is no longer possible, but over a limited 
band of frequencies it is often possible to make the approxi . 
tions tan aw = aw and cot aw = aw~', which, in effect, means 
that the transmission lines must be relatively short compared 
with a wavelength—which is evidently not generally true wi | 
the present filter, whose properties depend essentially on lon 
line resonance phenomena. Some further conclusions regarding 


this question are mentioned at the end of Section 7.3. 4 
i 


(7.3) Cascading Dissimilar Filter Sections : 


Consider two filter sections in cascade, both operating in ¢ 
stop band; let the image impedances (both imaginary) Fo 
jX, and jX, and the hyperbolic tangents of the propagation 
coefficients (both real) jx; and x5, noting that only X can assume 
negative values. By the application of standard network theory 
it is a straightforward matter to show that the image impedance 
of the two sections in cascade is given by 


7 x] X,Xopea(t + ep) + wa XFZ + ie 
XXopo(l + pi) + oe (XZ + w3XF) 


The condition for a spurious pass-band to occur is that Z; shall 
be a real positive number. It is clear that this can occur only if 
X, and X, are of opposite sign, and only in the limited range 
where either the numerator or denominator, but not both, is 
negative. 

To simplify the analysis divide through by X 1X>[4;42 and le 
X1[X> = a. 


1 a He 
wt+—+4+24 
Z en: Me = My 2 a 


1 1 
PY OPg Tees 
My es, ape 


Then 


jence the conditions for a spurious response may be expressed 
wrmally as 


(1) a must be negative. 


a 
bes ager 
ae 
a 
2 


Now the minimum value that any of the three expressions can 
ssume is 2, and this occurs when any one of the terms al Lp, 
2, OF apy is equal to unity. Hence it follows that no spurious 
sponse can occur if x, = 1, i.e. if the attenuation of section 1 
infinite. Furthermore, if 4. = 1, the first and last expressions 
ye identical, and again no spurious response is possible. In 
bth cases this is true whatever the value of a. Other conditions 
x absolute absence of spurious response are py = 0, > = 0, 
> both, anda = — 1. 

Now from Foster’s reactance theorem we know that the 
wnctions X,(f) and X,(f) must both possess positive slope. 
© similar conclusion can be drawn in regard to a(f), which 
‘av accordingly have either positive or negative slope. There 
a restriction, however, that the poles and zeros shall alternate. 
{if these considerations are applied to two adjacent sections 


[-— stop BAND—>| 


(2) 


| 1 
= (4 +7) > lame + =| 


M2 ! 1 
ett ee = 2 
a (m1 i a) 3 2 a is 


Fig. 11.—Image reactance curves. 


* the tapered re-entrant line filter, a diagram like Fig. 11 is 
tained, from which it will be seen that a passes through all 
alzes from —°cO to +00 and hence at least one spurious pass- 
und must occur. Now in the region where a is negative, 14 
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Fig. 12.—Appearance of spurious pass-bands. 


and j15 are, in general, both close to unity and quasi-constant. 
Hence, if we plot the functions |a/u. + po/al, (uy + 1/4) and 
|azc> + 1/(ap)| over the range where the spurious pass-band is 
likely to occur, a diagram like Fig. 12 will be obtained, which 
shows that, in general, two spurious pass-bands will occur, 
although, if (4; + 1/4) is small enough, these two pass-bands 
may close up into one. 

Three further general conclusions may be drawn. First, the 
two spurious pass-bands will be situated at very approximately 
the mid-frequency between the poles of the two image-impedance 
functions. Secondly, if the attenuation of the two sections is 
high, the spurious pass-bands will be very narrow. Thirdly, if 
the inherent Q-factor of the filter is lower than that deduced 
from the bandwidth of the spurious responses calculated for the 
loss-free case, the spurious responses will be smoothed out until, 
for practical purposes, they virtually disappear. This is in 
good agreement with experimental results (Section 3.3). 

Formal application of this technique to the multi-section filter 
is difficult. From a general point of view it is clear that the 
number of spurious responses increases rather rapidly with the 
number of sections, but that the bandwidth of the responses is 
decreased. In the practical instance these responses will not 
prove troublesome, provided that the peaks of infinite attenua- 
tion are distributed fairly evenly throughout the stop band and 
that the inherent Q-factor of the filter is not too high. 

This reasoning illustrates a general criterion applicable to all 
filters, namely that any attempt to eliminate a spurious response 
by the addition of a second filter is very likely to introduce a 
second spurious response. By a suitable choice of impedance 
function for the second filter it may be possible to ensure that 
the new spurious response is outside the frequency range of 
interest. Alternatively, if the Q-factor of either filter is sufficiently 
low, the response may be flattened to a degree that it is no longer 
important. Thus an m-derived terminating section will frequently 
produce a spurious response at a frequency not too remote from 
the cut-off frequency because of the impracticability at microwave 
frequencies of matching it to the prototype section over an 
indefinitely wide frequency band (see Section 6.2). 


[The discussion on the above paper will be found overleaf.] 
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DISCUSSION BEFORE THE RADIO AND TELECOMMUNICATION SECTION, 13TH NOVEMBER, 1957 . 


Mr. L. Lewin: One of the major shortcomings of microstrip 
arises in measurement. Owing to the inadequacy of the theory 
in relation to the field patterns it is impossible to assess—as it is 
for a waveguide—the effects of a sampling probe close to the strip. 
This difficulty led to the Deschamps technique of measurement 
through a junction; but although there is a neat geometrical 
method for interpreting the results, it can be a very tedious and 
time-consuming technique when many measurements must be 
made over a wide band. It is also unsuitable for display pur- 
poses. We have therefore tended to abandon it in practice and 
to match the junction as well as possible. We measure in wave- 
guide and expect errors of the order of 0-1 in the reflection 
coefficient, and eventually finish with components which appear 
to have a v.s.w.r. better than 0:7 over a broad band. 

Recent improvements have involved a sliding load with a 
raised tip giving a reflection coefficient of better than 1%, and 
junctions matched to 0-95 over limited wave bands using tapered 
ridge waveguides, leading to consistent measurements of 0:9 
v.s.w.t. in strip-line. Although this figure might be capable of 
some further improvement, a current limitation is the com- 
mercial coaxial cable connectors, some of which have v.s.w.r.’s 
as poor as 0-7 over parts of the broad bands in which we are 
interested. 

When a strip-line was first mooted it was widely believed that 
it would cheapen microwave assemblies enormously. It was 
only necessary to prepare a master diagram, photograph and 
print it on Fibreglass board and one had as many components 
as necessary, like a page of stamps. It was not as simple as that, 
partly because one does not normally want isolated pieces. A big 
advantage is that one can make what is essentially an integrated 
assembly with all the pieces printed together. There are no 
flanges or joints. . In such circumstances the assembly as a whole 
is printed, So, although it is pretty to see a board with a large 
number of hybrid rings on it, such a method is of rather limited 
application. 

For more detailed aspects one finds that it is not merely a 
question of printing; for example, coaxial or waveguide feeds 
must be inserted. The author gives an excellent example in his 
back-to-back directional coupler, which represents a significant 
advance in microwave technique as a whole rather than speci- 
fically strip-line. It is, however, no longer a straightforward 
printed circuit—several pieces must be made separately and 
soldered together, Coaxial connectors must be coupled at the 
ends—by which time one has gone through many of the motions 
necessary in providing an ordinary waveguide coupler and come 
a long way from the original idea of a simple print. 

A similar situation occurs in attenuators when a slit is cut in 
the ground plane and an iron-dust load is cast in a sliding section. 
There must be some precisely made rails and slides for the load 
and controls for regulating its position, etc. By the time this 
has been done it is probably as expensive and cumbersome as a 
waveguide attenuator, of which there are many fairly simple 
designs. All this should not be taken as being against strip-line: 
it is merely that one should not run away entirely with the idea 
that it is printing and nothing more. 

With regard to fields of application, an excellent example is 
the light-weight compact propagation testing set, compactness 
and light weight being among the key points. The microstrip 
certainly saves quite a bit of weight, and this is a very neat 
application. 

Broad-band applications, with a 14 or 2:1 band, are not 
readily catered for by waveguides, and if weight and compactness 
are featured, strip-line should be considered, provided that the 
performance required is not too high. Strip-line will normally 
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give better than 2 : 1 standing-wave ratio over a broad band, 
and provided that one does not want stray coupling much better| 
than 30dB down, strip-line should be considered. } 

I have no doubt that there are a number of classified projects), 
where extremely light weight, reproducibility and cheapness are; 
important, and strip-line needs to be considered here. 

Dr. Elizabeth Laverick: I was particularly interested in the 
adjustable short-circuit based on the idea of converting the micro- 2 
strip line into waveguide beyond cut-off. I have used this type) 
of plunger with success at 3cm, and have also endeavoured to. 
adapt it for use in low-Q-factor triplate line. The mechanical, 
difficulties involved are even greater, for it is necessary to conve 
both halves of the triplate into waveguide beyond cut-off, and 
this entails sliding a metal strip over the centre conductor 
between the dielectric interfaces. On the other hand, in triplate 
line the energy is completely contained between the two ground 
planes, unlike microstrip, where energy is lost due to radiation.) 
Hence in this respect the triplate short-circuit should be more 
efficient. 

Were measurements made of the reflection coefficients of 
individual slots of the slot-coupled directional coupler? Over 
what dimensional limits does the single slot behave as a pure 
susceptance? Has the author any results on the match of the 
complete coupler over the waveband ? 


Mr. W. J. Bray: The salient advantages of strip-lines are tha’ 
they are compact, light and offer the possibility of easy repro 
ducibility at low cost. Perhaps their most serious disadvantage! 
is their rather limited power-handling capacity, but others, les 
serious, arise from fringing-field effects and the difficulties of 
precise design of components. 

Compactness and lightness suggest a possible field of applica 
tion in airborne microwave equipment, notably on the receiver) 
side; for pulse-radar equipment the power-handling limitation is’ 
a serious drawback, but there is a possible application in c.w. 
frequency-modulation radar equipment, where the power to 
handled is relatively small. 

On the ground, main-route microwave equipment offers limited’ 
possibilities. The high capacity equipment which provides 
several hundred telephone channels, or perhaps a television 
channel, uses equipment with conventional rectangular wave 
guide techniques, but the requirements for space are largely 
determined by the limited power efficiency of microwave equip- 
ment, e.g. 1-2kW of mains power is used to radiate 1-2 watts 
from the aerial. Thus the space requirements are conditioned 


more by the power equipment and by its ancillaries than by the 
use of conventional rectangular-waveguide techniques. 

However, detailed investigation might well be given to micro- 
wave equipment providing a small number of telephone channels 


direct to a subscriber’s premises or for junction circuits. With 
microstrip techniques for the truly microwave part, printed-circuit 
techniques for the if. equipment, and compact forms of time- 
division multiplex equipment on printed circuits for the telephone 
channelling equipment, one can foresee a single unit, perhaps in 
the form of a cube of 18in side with an 18in diameter aerial 
attached to it, which would provide a small number of telephone 
channels at a relatively low cost in a form very convenient for 
use in the field over distances of up to 10 miles or so. However, 
it must be borne in mind that frequency space below 10Ge/s 
would be difficult to find for this kind of application, and it 
would therefore be desirable to use frequencies above this. 
Would strip-line techniques, in fact, be suitable for applications 
above 10 Ge/s, such as that envisaged ? 

Mr. J. Hooper: If strip-line is to be used in the telephony 
application described by Mr. Bray, someone will be faced with 


the tremendous problem of designing a repeater for a high-power 
system operating beside a low-power one. 

Why does the author consider the parallel-line coupler to have 
much disadvantages? While the conductors must be very close 
gether to ensure sufficient coupling, in view of the extreme 
securacy claimed for the photo-etching technique, this would 
10t seem to be a disadvantage. 

So far, we have been given only insertion-loss measurements 
mn the waveguide filters, and I should like to know something 
‘bout the reflection coefficient over the pass band. 

_ Mr. K. Foster: On the subject of measurement difficulties, I 
hink that Mr. Dukes and Mr. Lewin speak from the aspect of 
nicrostrip mainly, for measurement is not so difficult with 
igh-Q-factor strip-line. We have built a standing-wave indi- 
‘ator for this line, and its error appears to be about 2°%%. The 
aain problem is that of setting the strip opposite the probe 
sarallel with the probe travel; it has not yet been solved, and one 
aust make a correction for this factor. 

- In the centre sections of the filter the branching arms appear 
o be very close together (I take it that this is high-Q-factor 
riplate). In our experience, this results in proximity coupling 
setween the two arms. Has the author had any trouble with 


We employ an etching technique which is extremely simple. 
“he part of the board to be used is painted with engineer’s 
marking dye and the circuit is marked out. This region is then 
jevered with transparent cellulose tape (preferably in one piece), 
vhich is cut along the marking lines and the surplus is peeled 
ff. The surplus dye is then washed off with acetone, and the 
quired copper circuit is left with a coating of dye and tape, 
she copper to be etched being uncovered. The board is then 
tched and the protective coatings are stripped and washed off. 


Mr. J. M. C. Dukes (in reply): Mr. Lewin has endeavoured to 
put strip-transmission-line techniques in perspective with current 
waveguide practice. He has stressed, quite rightly, that it is not 
merely a matter of printing; additional piece-parts are required, 
which must be assembled to the printed board, and the completed 
tircuit must be subjected to tests, the cost of which may form a 
vubstantial fraction of the whole. Nevertheless, a worthwhile 
economic advantage can occur in favourable applications. In 
‘he United States, for example, several firms are marketing 
mdividual components in enclosed cases at very competitive 
tices. Several such components have been tested, with rather 
good results. I agree with Mr. Lewin’s comments concerning 
fhe attenuator, but as is made clear in the text, this instrument 
was intended originally for laboratory use only. Stray coupling 
‘an, of course, be reduced to any degree desired, but I agree that 
igures better than 30dB are often difficult to achieve without 
;tructural complications, e.g. shielding. In regard to performance 
zenerally, it must be remembered, of course, that the effort so 
‘ar devoted to these techniques is but a fraction of that spent on 
-onventional waveguide circuits during the last two decades. 

In answer to Dr. Laverick, I regret we did not make any 
-xtensive measurements of the reflection coefficients of individual 
lets, nor did we verify over what dimensional limits the single 
let behaved as a pure susceptance. The reflection introduced 
oy small slots was virtually negligible, as might be expected. The 
uiutch of the complete coupler averaged 0°75, with a dip to 0:6 
t One frequency, but this includes the input coaxial connector. 


THE AUTHOR’S REPLY TO 
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Brigadier E. J. H. Moppett: The comment has been made that 
this technique is not yet greatly used in this country. Is this due 
to patent coverage? 

Mr. F. J. H. Charman: The author points out the tendency 
among designers to think in terms of Zobel filters, and the fallacy 
of so doing. I agree, and wonder whether there may be the same 
tendency in measurement. Everyone is so accustomed to the 
idea of measuring standing waves with a slotted line that he 
does not necessarily automatically think of measuring them in 
any other way. Perhaps the difficulty lies there. 

I have come to think in terms of measuring reflection coefficient 
instead of standing-wave ratios, and find that if one starts with 
reflection coefficient instead of impedances when teaching juniors, 
they understand much better. One can explain the Smith chart 
quite easily in terms of reflection coefficient, and having shown 
how that works, one can superimpose the impedance graticule 
and say, ‘That is the transformation Z = (1 + p)/(1 — p)’. 

I am leading on to the subject of measuring the reflection 
coefficient directly instead of deducing it from the standing-wave 
ratio. The author mentions its advantage in the matter of 
directional couplers and points to some of his latest work. 
This may lead to some fairly precise instruments; given 
these, I think that the measurement would be considerably 
simplified. 

There is, of course, the alternative of the hybrid-ring type of 
directional device, but this is a resonant circuit. The directional 
coupler can be made a very wide-band affair, and in the v.h.f. 
range, at least, has been made to give a discrimination of 
over 60dB at one frequency, or 40dB over a 2: 1 frequency 
band. 

Mr. P. P. Eckersley: Have temperature tests been made and, 
if so, what is the result? 


THE ABOVE DISCUSSION 


Mr. Bray asks whether strip lines are suitable for applications 
above 10Gc/s; there is no fundamental objection, but practical 
application of the technique is bound to be more difficult, if 
only for mechanical reasons. 

In reply to Mr. Hooper, the principal disadvantages of the 
simple parallel-line directional coupler are the complex character 
of the coupling mechanism and the tendency to resonate in the 
twin strip mode. Mr. Hooper and Mr. Foster have raised several 
questions concerning the re-entrant line filter. Except near the 
cut-off frequency, the input match was generally better than 0-7. 
Proximity coupling presumably does occur in the centre sections, 
but with little effect on the cut-off frequency. I have constructed 
a standing-wave indicator similar to that described by Mr. Foster 
and have encountered exactly the same difficulties. In our case 
the spacing between the ground planes was only 4in, which 
aggravated both this problem and also that of designing a 
probe having adequate rigidity and being free from spurious 
pick-up. 

Brigadier Moppett is probably correct in assuming that the 
technique is not yet greatly used in this country. The principal 
deterrents have been the limited power-handling capacity, the 
absence of suitable materials and uncertainties in regard to 
performance. 

In reply to Mr. Eckersley, the temperature limits quoted in 
Table 3 of Paper No. 2402 are adequate for most applications; 
a matter of rather more concern is the deterioration in power 
factor on exposure to extreme humidity. 
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A CODER FOR HALVING THE BANDWIDTH OF SIGNALS 
By A. R. BILLINGS, B.Sc., Ph.D., Graduate. 


(The paper was first received 17th May, and in revised form 26th September, 1957.) 


SUMMARY 


It is shown that it is possible to code a continuous message of finite 
bandwidth into a continuous signal of smaller bandwidth, provided 
that sufficient signal power is available. A possible practical system 
capable of performing this coding is described and it is shown that 
the exchange of bandwidth for power occurs in the same manner as 
for Shannon’s ideal system. 


(1) INTRODUCTION 


It has become commonplace! to devise communication systems 
which allow the use of a reduced signal/noise ratio at the expense 
of increased bandwidth. In what follows, a system is described 
which reverses the process and reduces bandwidth at the expense 
of signal/noise ratio. This system is, in effect, a form of pulse 
code modulation (p.c.m.) in which the scale of numbers used to 
specify the code is increased, rather than decreased as in binary 
p.c.m. 


(2) QUANTIZED PULSE SYSTEMS IN GENERAL 


By popular usage, pulse code modulation has become asso- 
ciated with a system in which information is transmitted in 
binary form. This is rather misleading because any amplitude- 
quantized pulse system is, in fact, a pulse code modulation 
system. Thus, if a continuous waveform of bandwidth Af is 
sampled the necessary 2Af times per second, and the pulse 
amplitudes are quantized into 7 levels and then transmitted, the 
system is a pulse code modulation system using single-digit 
numbers in the scale of n to specify each sample amplitude. 

In the binary p.c.m. system, the 7 levels are specified by binary 
numbers, and a positive or negative pulse is transmitted to specify 
each binary digit as either 1 or 0. Thus binary p.c.m. uses more 
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receiver has only to distinguish between two levels instead of n 
levels, and in consequence the problem of regeneration is much 
simpler. There is, of course, no restriction upon the scale of 
numbers used to specify each quantized level, and tertiary and 
other p.c.m. systems have been devised which make use of other 
scales of numbers to obtain similar reductions of signal/noise 
level at the expense of bandwidth. This exchange is perfectly 
reasonable when designing wide-band modulation systems for 
use at ultra-high frequencies, where power is at a premium and 
bandwidth is virtually unlimited. However, when considering 
transmission through low-pass systems, such as telephone cables, 
some method of reducing bandwidth in exchange for increased 
transmitted power becomes desirable, provided that the exchange 
is an equitable one. 

The technique employed to increase bandwidth is that of using 
a scale of numbers less than n. This suggests the technique to 
be used when reducing bandwidth, namely to use a scale of 
numbers in excess of n. The simplest method of doing this 
arises if the bandwidth is to be halved, in which case the scale 
of numbers must be increased to n*. Two adjacent samples are 
then specified uniquely by a one-digit number in the scale of n’, 
and only one code pulse is transmitted where two were previously 
required. There is, of course, no theoretical restriction on the 
amount of bandwidth division obtainable, and a reduction to a” 
third could be obtained by specifying three adjacent samples by 
a one-digit number on the scale of 3. Normally a reduction | 
below about one-half will be prohibited by the large transmitted | 
powers required. A simple illustration of coding from a scale 
of n to a scale of n? is provided by the representation of the 
number 23 in the scales of 5 and 25. If the letters A,B... Y 
represent numbers 0, | .. . 24, then in the scale of 5 the number 


OUTPUT 
BANDWIDTH Af/2 


Fig. 1.—Form of coder which will code a signal of bandwidth Af into a signal of bandwidth A f/2. 


pulses per second, and hence more bandwidth, than the p.c.m. 
system using a scale of n. The advantage gained in binary p.c.m. 
is that the transmitted power can be made smaller, since the 
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is written ED whilst in the scale of 25 it is written X. This is 
because 23 can be represented either as (4x 5'+3 x 5°) or 
as (23 x 259), 


(3) BANDWIDTH-HALVING SYSTEM 


The main components of the bandwidth-halving system are 
what will be termed step modulators. A step modulator is a 
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Fig. 2.—Device for decoding signal of bandwidth Af/2 back into original signal. 


sevice which samples an input time function f, times per second 
wd produces an output waveform which changes in amplitude 
‘t each sampling instant to that of the sampled waveform, and 
vhich then has a constant amplitude until the next sampling 
astant. Examples of step-modulated waveforms are shown in 
rig. 3. 
_ The bandwith-halving system, shown in Fig. 1, is simple in 
»rinciple, and will be described for the case where the distinguish- 
) ble levels at the receiver are equal voltage intervals. The input 
jontinuous message of bandwidth Af is supplied as input to two 
*en modulators, the outputs of which are amplitude-quantized 
niv n levels. The first step modulator is operated directly by 
wuises from a pulse generator having a repetition frequency Af, 
ind the quantized amplitudes of the step wave produced are 
ermed the first step of samples, as shown in Fig. 3. The second 
tep modulator is operated at times 1/(2Af) seconds after the 
irst, and the amplitudes are termed the second set of samples. 
“he output of the first modulator is magnified by a factor n in 
stable amplifier and is added to the output of the second 
nodulator. This sum is sampled at times 6 seconds later than 
he second samples to provide what are called the composite 
amples, which are then transmitted as narrow pulses through a 
verfect low-pass filter of bandwidth Af/2. The output of the 
‘Iter is the continuous function which is sent through the trans- 
nission path to the receiver. 
To regenerate the received continuous message the received 
ignal is sampled at a frequency Af and each sample is labelled 
vith a number in the scale of n* and decoded into two numbers, 
ach in the scale of n, corresponding to the first and second 
amples. Pulses spaced 1/(2Af) seconds apart with amplitudes 
‘roportional to these scale-of-n numbers are then formed and 
pplied to a perfect low-pass filter of bandwidth Af. The output 
f this filter is a modified form of the original message, the modi- 
cation being that at the sample instants 1/(2Af) seconds apart 
ne received message is amplitude-quantized. 


(4) THE RATE OF EXCHANGE OF BANDWIDTH FOR 
POWER 


Shannon? has derived an expression for the capacity of a 
hannel for transmitting information when the bandwidth is Af, 
he mean signal power is P, and Gaussian noise of power 12. 
nterferes with the signal. This expression is 

C = Aflog, (1 + P,/P,) bits per second. . (I) 
‘his expression is strictly only applicable to the ideal communica- 
A system, but it indicates how bandwidth and power should 
e exchanged in any good practical coding system. It will be 
hewn that the coding system described above does exchange 


andwidth for power in this manner. ~~ 
"he maximum rate of transmission of information in the scale 


f 2 and scale of n? systems described above will be 
R = 2Aflog,nbitspersecond . . . (2) 
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Fig. 3.—Waveforms produced in coding process. 


(a) Input signal of bandwidth Af and z levels sampled at frequency 2Af. 

(6) Step-modulated form of first set of samples. 

(c) Step-modulated form of second set of samples. 

ay Composite of amplified first samples and second samples (reduced amplitude 
scale). 

(e) Transrnitted signal of bandwidth Af/2 and n? levels. 


which is approached as the rate of incidence of decoding errors 
approaches zero. If the interfering noise powers in the scale of 
n and scale of n? systems are P,,, and P,,», respectively, then, 
for the same incidence of decoding errors per digit, the ratio of 
the signal/noise ratios is! 


Py2/Pn2 _ (n? = 1)? 
Palen (n hy Lye 


which approximates to n* when z is large. 


(3) 


This is in accordance 


with the ideal behaviour as predicted by Shannon’s law. In the 
general case of a bandwidth reduction of 1/«, 
PralPne  _2a~-1) SSS, pee ( 


PHA 


If the noise power is evenly distributed over the frequency band 


184 
and the power per unit bandwidth is the same for the compressed 
and uncompressed systems, 


n2te-1) 


Pex a Ties . . . . . (5) 


(4.1) Possible Practical System 


To illustrate the interchange of power and bandwidth, a 
possible practical system will be considered giving a bandwidth 
reduction of one-half. Let Af be 3kc/s and n be 100. Using 
formulae derived by Oliver, Pierce and Shannon! for the 
signal/noise ratios to give a probability of decoding error of 
10-°, the signal/noise ratios required for the scale of 100 and 
scale of 10000 systems are 49:2 dB and 89:2dB, respectively. If 
the noise is assumed to be 30dB above thermal noise and the 
insertion loss between regenerative repeaters is 60 dB, the trans- 
mitted powers for the full- and half-bandwidth systems are 
2mW and 10 watts, respectively. This latter figure is a perfectly 
reasonable one, but, if the expense of twice the number of 
repeaters can be tolerated, the transmitted power in the half- 
bandwidth system can be reduced to 10mW. 


(5) COMMENT AND CRITICISMS OF 
BANDWIDTH-HALVING SYSTEM 
It has been assumed that the distinguishable levels at the 
receiver are equal voltage intervals. If they are equal power 
levels, a square-root transfer device must be incorporated in the 
transmitter in front of the final low-pass filter. The purpose of 
this device is to convert the voltage scale into what McKay has 
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called a proper scale.3 Similarly a square-law device must be 
incorporated in the receiver. 

One shortcoming of the system, which becomes important 
when working with signal/noise ratios near the threshold, is that 
the system is not an ambiguous index system.* This means that) 
it is much more likely that drastic errors will be made in the! 
interpretation of the second set of samples than in the interpreta-| 
tion of the first set. Another shortcoming is that perfect low-pass} 
filters have been postulated. Such filters are not physically! 
realizable, but can be approximated to if large delays can be) 
tolerated. Such long delays are symptomatic of coding systems! 
of this type. 

It can therefore be concluded that continuous messages or) 
signals which are amplitude-quantized can be coded into signals} 
of smaller bandwidth without destroying information, and that 
the exchange of bandwidth for power is a reasonable one in the 
sense that it takes place as predicted by Shannon’s law. 
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AN APPROACH TO THE DESIGN OF CONSTANT-RESISTANCE AMPLITUDE 


SUMMARY 


| It is often desirable to correct or to adjust the amplitude/frequency 
esponse of a network to meet certain stated requirements. Although 
i is usually not difficult to calculate the insertion loss of a correcting 
tetwork, the inverse is rather more difficult. The paper suggests a 
xcthod of designing constant-resistance amplitude equalizers to give a 
sesired slope over the working range concerned. A typical example, 
avolving the technique developed, is given in order to illustrate the 
method of adjusting the response of a velocity-type pick-up over part 
f the audio-frequency spectrum. 


LIST OF PRINCIPAL SYMBOLS 

. 4 = Complex insertion-loss ratio. 

tog = Angular cut-off frequency, rad/s. 

\&y) = Iterative resistance of network, ohms. 

i Z, = Impedance of shunt dual network, ohms. 

/Z, = Impedance of series dual network, ohms. 

'R, = Resistance associated with shunt dual network, ohms. 
‘Ry = Resistance associated with series dual network, ohms. 

| E, = Inductance associated with shunt dual network, henrys. 

| Ly = Inductance associated with series dual network, henrys. 
'C, = Capacitance associated with shunt dual network, farads. 
\Cy = Capacitance associated with series dual network, farads. 


(1) INTRODUCTION 


The subject of amplitude equalizers has already received 
jonsiderable treatment,!»? and it is normally a comparatively 
imple matter to calculate the insertion loss of a given equalizer 
jircuit. However, in practice, the problem usually occurs in 
he inverse form, and it is necessary to design a circuit to give 
_ desired response. It is the purpose of this paper to suggest 
in easy and systematic approach to the problem. 

Several graphs are given to facilitate the design of equalizers. 
Jsing the techniques outlined and referring to the example given, 
10 great difficulty should be experienced with a practical problem. 
4s for filters, owing to tolerances and strays it may be necessary 
© carry out final adjustments in the circuit itself should a par- 
icularly high degree of accuracy be desired. In most cases such 
inal adjustments should not be found necessary. 


(2) SPECIFICATION OF REQUIREMENTS 


The design of filters and equalizing networks covers an 
xtremely wide field, and their applications are both numerous 
nd varied. It is therefore essential to decide the network 
equired. 

Aqualization may, under certain conditions, be performed 
satisfactorily by the inclusion of either a capacitor or an inductor 
A 4n appropriate position. Frequently, however, the inclusion 
f such a simple device, or for that matter a simple T or 7 net- 
veck is not satisfactory, especially where impedance matching 
; ‘mportant over a wide frequency band. Any variation in 
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EQUALIZER NETWORKS 
By J. S. BELL, Graduate. 


(The paper was first received 8th July, and in revised form 9th October, 1957.) 


impedance is particularly undesirable when measurements are to 
be taken. A further disadvantage is that, as both source and 
load impedance have to be taken into consideration and may 
vary from circuit to circuit, a comprehensive set of design curves 
is not easy to produce. 

The chosen equalizer is therefore of the constant-resistance 
type and is easily regarded as a 4-pole network. Only one type 
is considered, i.e. a bridged-T network utilizing inductance, 
capacitance and resistance. This particular type of 4-pole net- 
work, if correctly matched, will present a sensibly constant 
resistance over a wide frequency range. This simplifies the 
design problem greatly, since, normally, equal source and load 
impedances can be arranged. 

Following usual practice the amplitude response only will be 
considered; any phase change? may be considered or calculated 
if desired. 


(3) FUNDAMENTAL APPROACH 
The mathematical properties of the equalizer under considera- 
tion are closely allied to the theory of dual networks. The two 
dual networks considered are illustrated in Figs. 1(a) and 1(d). 
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(a) (b) 
Fig. 1.—The dual networks used in the formation of the bridged-T 


network. 


(a) High-pass case. (6) Low-pass case. 


Let us therefore construct a bridged-T network, using Fig. 1(q). 

For constant resistance, Z;Z, must be a constant, and this is 
chosen to be R2, where Ro is equal to the desired iterative impe- 
dance of the network. 


Now Z> = Ro + jwL, 


1 1 ‘ 
7 Ta 
Satisfying the chosen condition, 


Ry + jwLl, 
1 mae 
Ri + Joc; 
R2 
i.e. R, + joL, = iy + jwC,R3 
1 
Thus, separating real and imaginary parts, 


RR, = RB (1) 
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The complex insertion loss ratio is given by 


Ro 
N= lee ze 
_ Ryo + Ro + jwly 
Ry + jal, 
» (Ro + Ry)? + w*L5 
Ls or <aneeemee 
: . (Ro + Ro)? + w*L5 
ie. Insertion loss = 10 logy | B+ oD (3) 
It is easily seen that least attenuation occurs when w — ©. 
Maximum attenuation occurs when w = 0. 
2 
Ro + R 
Maximum attenuation = 10 loen| | 
Pl 
= 10 logy  K*, say 
Consider eqn. (3). Dividing through by R3 and substituting, 
272 
RK a W 14 
: R3 
Insertion loss = 10 log aa (4) 
w*L5 
ee errant 
2 
Let us define wy such that 
R2 
0 1B 
246K 
Insertion loss = 10 logy bees where w —> wy 
— 10 logjo K = (6) 


Thus half of the maximum attenuation occurs when w = wo. 
The corresponding frequency, fo, will henceforward be called the 
cut-off frequency. 

Similarly, by consideration of the dual network illustrated in 
Fig. 1(5), it may be shown that 


1 + w*C3(Ry + R>)? 
deste co7RSCE 


Eqns. (3) and (7) give the insertion loss for the high- and low- 
pass cases, respectively. The fundamental approach having now 


been covered, these two expressions will be examined in more 
detail. 


Insertion loss = 10 loti] (7) 


(4) DERIVATION OF GRAPHS 


Two expressions have now been obtained from which, given 
the relative component values, the insertion loss for either the 
high- or low-pass cases may be calculated at any desired fre- 
quency. Let us examine eqn. (3) in more detail. 

It is seen that, if w is doubled and at the same time L, is halved, 
the expression remains unaltered. Hence, if w is moved in 
octaves, by suitable adjustment of L, a constant insertion loss 
will result. This is of significant practical value since the con- 
struction of attenuation Tables for the principal values of 
maximum attenuation is facilitated. Thus, by arranging to 
increase both the applied frequency, w, and the frequency at 
which the attenuation is one-half its maximum value, wo, in 
octaves, it is a comparatively easy matter to construct a com- 
prehensive Table for a particular maximum insertion loss. There 
is no need to reproduce one of these Tables, because the results 
are implied in any one of the curves shown in Fig. 3. Several 
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Cy 


wl] Wo 
Fig. 3.—Curves showing the amplitude response for selected maximum 
attenuations. 


Only the high-pass case is shown. : 
Note the differing slopes as indicated on the diagram. 
The curves are plotted to a normalized frequency base. 


curves for selected maximum attenuations plotted against a | 


normalized cut-off-frequency base are illustrated. 

It will be appreciated that, in order to determine R,, Ry, Lz, Cy 
and K, use must be made of eqns. (1), (2), (5) and (6). 
these have been determined for a particular cut-off frequency, 
the appropriate values can be inserted in eqn. (3). 
products, divisions and logarithms of large numbers are involved, 
a desk calculating machine is used.) For normal degrees of 


+e 


. 


Once | 


(As the sums, | 


accuracy such calculations will not be necessary; the graphs — 


included with the text will prove sufficient. 
Both the high- and low-pass cases for a particular maximum 


attenuation are identical but reversed. This is apparent since it — 


will be remembered that, in the high-pass case, the attenuation 


is zero at infinite frequency, whilst in the low-pass case zero. 


attenuation occurs at direct current. Thus, in forming a par- 
ticular Table, it is not necessary to consider eqn. (7). 


(5) INTERPRETATION OF RESULTS 


In a similar manner, the corresponding Tables for any other 
desired maximum attenuation may be constructed. These are 


not shown because the corresponding values of Z, and Z, for 


both high- and low-pass cases are given graphically in Figs. 4(a) 
and 4(b), respectively. In neither case is it necessary to give a 
range of graphs for differing values of cut-off, because, having 
chosen to normalize the results from the start, it is an easy 
matter to scale up or down as desired. Hence only the values 
for a cut-off frequency of 50c/s are designated. It is seen, 
therefore, that for any desired maximum insertion loss, the 
required values of the lumped components may be obtained. 
Let us consider the family of graphs shown in Fig. 3. These 
represent the attenuation curves plotted against a normalized 
frequency base, and illustrate the differing slopes in decibels per 
octave obtained by selecting particular maximum attenuations. 
Each slope is sensibly constant over one decade, and, in addition, 
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Fig, 4.—Graphs from which the component values are derived. 


Ro = 600 ohms. 


= 50c/s. 
fo hg (b) Low-pass case. 


(a) High-pass case. 
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fe 


SLOP? 
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MAXIMUM INSERTION LOSS OF EQUALIZER,dB 


Fig. 5.—-Fundamental design graph illustrating the relationship between 
the slope desired and the degree of maximum attenuation required 
to produce it. 


it is clear that, for any chosen curve, the slope will remain constant 
irrespective of the cut-off frequency. 

By selecting further values of ultimate attenuation interme- 
diate to those shown in Fig. 3, the graphical relationship between 
the slope, in decibels per octave, and the ultimate degree of 
attenuation may be plotted. This is the fundamental design 
graph and is illustrated in Fig. 5. 

Thus it is possible to insert a desired loss (of either a positive- or 
negative-going slope) over a decade simply by selecting an 
equalizer with the relative maximum insertion loss and then 
arranging the appropriate cut-off frequency. To illustrate the 
principles involved, an example will be given. 


(6) EXAMPLE 

Let us suppose that an electro-mechanical device gives an 
output proportional to frequency as indicated in Fig. 6. It is 
desired that the response over the range 70—700c/s should be 
flat, and also, if possible, that the resonant peak be removed or 
reduced in amplitude. 

Upon measurement of the rate of fall-off, the loss will be found 
to be 1:2dB/octave over the range concerned. Referring to 
Fig. 5, this will be found to correspond to a network having a 
maximum attenuation of 5dB. By selecting the high-pass case 
with a cut-off frequency of 200c/s and connecting it in tandem 
with the source (correct matching assumed), an ‘equalized’ 
response will result as shown. The values of R,, Rj, C,, and 
L, for the network concerned may be obtained from Fig. 4(a). 
These values are as follows: 


R, = 470 ohms 2 R, = 770 ohms 
1) C, =9:1 pF i 


L, = 3:25 henrys 
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RESPONSE, dB 


1000 


"40 


100 
FREQUENCY, c/s 
Fig. 6.—Correction of a velocity-type pick-up. 
trees Unequalized output. 


Equalized output. 
-—---— Equalizer response. 


(Had R,, C,, R, and L, been obtained by the rather lengthy 
procedure of calculation, after having referred to Fig. 5, their 
respective values would have been found to be 467 ohms, 
9:09 uF, 771 ohms, and 3-27 henrys.) 

Remembering that the above figures relate to a cut-off fre- 
quency of 50c/s and not to the 200c/s chosen, it is necessary to 
adjust C, and L, accordingly. As the required cut-off is two 
octaves higher their value must be halved twice. Thus the final 
values chosen for the correcting network are as follows: 


R, = 470 ohms R, = 770 ohms 
"| C,=2:27HF 9 ~* | L, = 0-82 henry 


By selection of the same network, but with a cut-off frequency 
of 400c/s (C; = 1:13 uF; L, = 0-41 henry), equalization over 
the range 100-1 000c/s will result. 


(7) TRANSFORMATION OF ITERATIVE IMPEDANCE 


All data and graphs relate to an iterative impedance of 
600 ohms. Normally 600 ohms will prove suitable, especially 
as much test equipment is standardized at this impedance. 
Notes on impedance transformation are given in Section 11. 

Should impedance transformation methods not be suitable in 
the particular case concerned, the design of an equalizing network 
having an iterative impedance different from 600 ohms presents 
no great difficulty using the data provided. The following 
relationships hold, where Ro is the desired iterative impedance: 


R. R. 
R= kyo ,= go. 
Rel iran ee ee Saag 
; Rs } 600 
Rae Rix a, Sate aA 


Hence, in the case of a required iterative impedance of 
2.400 ohms, the design procedure is to assume a value of 600 ohms 
and then adjust the chosen values of the lumped components as 
indicated above. 

Such a technique not only avoids the use of transformers or 
other devices but may well avoid serious losses. For instance, 
in using a transformer to match a source impedance of 
60 kilohms to 600 ohms, a step-down ratio of 10:1 is 
unavoidable. 


(8) CONCLUSION 


Several of these networks have been designed utilizing the data 
given, and extremely good results have been achieved. The 
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primary object of correcting the response obtained from a trans- i 
ducer, over a desired frequency range, has been fulfilled. 
No filter or equalizing network is capable of undertaking all, 
tasks set before it, and this type of equalizer has, besides its, 
assets, its limitations. Provided that it is sensibly used, however,)) 
excellent results can be obtained. 
As the network considered is a simple RC or RL circuit the} 
maximum slope of the attenuation curve is 6 dB/octave. Should) 
higher slopes be required, tandem connections are called for, | 
and as the impedances of correctly designed networks are} 
constant, such connections will not present any difficulty. The 
effective frequency range covers only one decade. 4 
At lower maximum attenuations [Fig. 4(a)] and higher maxi-/ 
mum attenuations [Fig. 4(b)] the capacitances and inductances’ 
become unwieldy, though they improve as the cut-off frequency} 
increases. Two methods are available to avoid this difficulty. 
Impedance transformation may be resorted to, but as trans-) 
formers and/or valves may be required, a better method is to} 
employ two or more networks in tandem, thus giving the desired’ 
results using sensible values of components. 
Essentially, the circuits described are designed to work over} 
the audio-frequency range. At higher frequencies the stray i 
capacitances become important, and careful design is required to) 
avoid unwanted effects. ~~} 
In the case considered it must be remembered that equalization © 
is only obtained by inserting appropriate losses. Hence, in 
certain applications provision may have to be made, e.g. by 
employing an amplifying stage, to make good the losses incurred. | 
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(11) APPENDIX 


Although the paper is applicable to the equalization of lines 
and similar networks, it was originally prepared with the object 
of correcting or adjusting the response of crystal accelerometers 
and velocity-type pick-ups. It is essential with crystal accelero- 
meters, and sometimes desirable with velocity-type pick-ups, to 
load the transducer with a cathode-follower stage. The follow- 
ing Sections give a brief summary of the essential details of the 
cathode-follower method and also the more popular methods of 
impedance transformation which may prove useful in such work. 


(11.1) Cathode-Follower Methods 


Neglecting stray capacitance, the input impedance of a cathode- 
follower stage may easily be derived by standard methods. 
Difficulties sometimes arise when loading the cathode-follower 
and then calculating its output impedance. An approach is 
suggested to those who are not familiar with the problem. 

By suitable analysis, the internal resistance of a cathode- 
follower may be shown to be r,/(u + 1), and under normal 
circumstances this approximates to I/g,,. The further approxi- 
mation that the output impedance of a cathode-follower is 


4g, is only true when the load is high compared with 1/g 
(nce it is their parallel combination which must be considered. 
It follows directly that, in ascertaining the output impedance 
f a cathode-follower stage, the effect of the load must be con- 
dered. Let us therefore consider some of the more usual 


ethods. Correct bias, or an adequately decoupled bias resistor, 
% assumed in all cases. 


11.1.1) Load-Resistor Case. 


if the cathode-follower is loaded with a resistance R,, which 
cludes all effective resistance between cathode and earth, the 
sulting output impedance is the parallel combination of 1/2, 
nd R,. Thus the values chosen for both I/g,, and R, are 
eciding factors in determining the output impedance. In 
jalculating the gain of such a stage, care must be taken in the 
fetermination of the effective cathode load Ry, as any load 
sonnected will appear across R,, and will modify the effective 
oad presented to the valve. Hence, in practice, the total load 
eresented should be determined first. 


11.1.2) Loaded with Equalizer or Line. 


If the cathode-follower is loaded with a constant-resistance net- 
work or transmission line (assuming a d.c. path) and the networks 
wre correctly terminated, the load presented to the cathode- 
iollower will be the iterative or characteristic impedance, 
sespectively. Conversely, the load presented by the valve to the 
gualizer or line will be approximately 1/g,, as before. The 
esign procedure is to arrange that 1/g,, = Ro or Zo, respectively. 
The stage gain for perfect matching is just under one-half. 


11.1.3) Transformer Coupling. 


Should a d.c. path not be available through the equalizer or 
jine, and provided that capacitive coupling introduces too much 
.oss, a further method is to use transformer coupling. However, 
ianless care is taken in design the voltage gain may be very low 
yndeed. The valve will be presented with a load as given by 
eqn. (8), and if an attempt is made to increase this load by means 
if a step-down transformer, two things occur simultaneously. 


First a step-down loss is introduced and secondly padding in 
the transformer secondary circuit (introducing further voltage 
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loss) is necessary in order to match the loading network to the 
now transformed impedance of the valve. In order to avoid 
such difficulties a turns ratio of about unity should be chosen. 


(11.1.4) Push-Pull Output. 


To avoid transformer coupling and its attendant difficulties, 
two cathode-follower stages may be operated under push-pull 
conditions.* 


(11.2) Transformer Method 


Perhaps the easiest way of matching is by the use of a simple 
transformer where the turns ratio has been chosen to give the 
desired change in impedance. A disadvantage of the method 
is that, when increasing the apparent load, the voltage transferred 
is divided by the turns ratio chosen. Care must be exercised in 
the design of the transformer so as to ensure that it has an even 
response over the frequency range concerned. Special pre- 
cautions are necessary at low frequencies in order to avoid any 
undesirable effects. 

From elementary theory, the following general relationship 
holds: 


Lig is Zp ict (Cot AL) wAt nas elaine ako) 


where Z;, = Input impedance presented by the transformer 
primary winding. 
k =Step-down ratio = (Number of primary 
turns)/(Number of secondary turns). 
Z, = Impedance of secondary winding. 
Z,, = Load impedance. 
Z, = Primary impedance. 


(11.3) Other Methods 


The two most obvious cases have been considered, but there 
is no reason why any other method should not be used, provided 
that matching is achieved over the frequency range concerned. 
For instance, should gain be required, a conventional amplifier 
stage may be of particular use for networks having a high iterative 
impedance. 
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SUMMARY 


The capacitive effect of space charge in a space-charge-limited or 
saturated diode is well known, but it has not been taken into account in 
forming a theory of the fluctuations. 

The capacitive current evoked from the space charge by the fluctua- 
tions in anode voltage consists of the motion of free electrons and is 
therefore itself subject to fluctuations. By. including these it is 
found that three distinct types of fluctuation exist together. One 
is the shot noise, depending in the well-known way on the effect 
of space charge in controlling the anode current. The second is 
an enhancement of the shot noise by an amount dependent on 
the ratio between the capacitance due to space charge and the total 
circuit capacitance. It is like the shot noise in that the total mean- 
square voltage is proportional to the resistance of the anode circuit. 
It is, however, unlike the shot noise in that it varies with anode voltage 
even when the valve is saturated. The third is a flicker effect dependent 
on the magnitude of the electronic capacitance, and not requiring the 
postulation of a life-time of metastable states on the electrodes. 

In the course of the paper a general form of Campbell’s theorem is 
given, together with a discussion of the way in which the theoretical 
considerations must be made to match the experimental conditions. 
Also, new probability generating functions are put forward and utilized. 


(1) INTRODUCTION 


The capacitive effect of space charge has been known for a 
long time. It is only recently, however, that the proper way of 
calculating it has been found! and applied to the simplest possible 
valve, a diode having zero emission velocity. The value of the 
capacitance turns out to be 


Og: 
E2L 


where Q, is the total space charge and V is the anode voltage. 
In general there are other components of the capacitance due 
to charges bound on the electrodes, but we shall be concerned 
only with that part, C,, which is due to free electrons in the inter- 
electrode space. 


C; (1) 


Experimental results obtained by Mr. Cotterhill, not yet 
published but kindly shown to the author, show that a capacitive 
effect due to space charge of the same magnitude as C, arises in 
valves having appreciable emission velocities. C, is comparable 
with the static (cold) capacitance of the electrodes in magnitude 
but is negative or positive, according to whether the valve is 
space-charge limited or not. Eqn. (1) can therefore be taken as 
a Satisfactory starting-point for an elementary theory of the 
fluctuations due to space charge. 

In our theory we must remember that the bandwidth of the 
amplifier used for measuring the fluctuations is of necessity 
limited, so that we cannot record the passage of single electrons. 
We can record only the effect of groups of r electrons passing in 
successive intervals of time, 7, given by 


(2) 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
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Fig. 1.—The diode circuit. 


Ce = 0Q;/0V represents the capacitive effect of the space charge. 
be much smaller than the total circuit capacitance, C. 


It is assumed to | 


1! 


where f, is the bandwidth of the anode circuit and R and C are 
its resistance and capacitance. Fig. 1 illustrates the very simple — 
circuit under consideration. Eqn. (2) is used as a convenient — 
approximation to the relation between 7 and f,. 


i 


A more exact | 


expression would complicate the issue without yielding greater | 


physical insight, and could at most change the calculated results 
by an unimportant amount without altering their nature. éy 

It will be noticed also that we consider only the time-constant 
or the total bandwidth /, of the anode circuit, and do not use 
the elements of bandwidth so frequently brought into considera- 
tion in studying the fluctuations. The element of bandwidth or 
unit bandwidth is certainly a mathematical fiction. In what 
follows we shall as far as possible avoid such fictions, especially 
in situations in which they can confuse or vitiate the calculations, 
and adhere to mathematical operations corresponding to the 
physical actions taking place and the measurements being made. 

Also, it must be remembered that there is invariably a 
blocking condenser between the valve under test and the ampli- 
fier. Consequently the measurement consists in recording 
successive increments of a voltage 6V, due to the change from 
n electrons passing during one interval of time 7 to m during the 
next. dV, is given by 

ic: 
SV, =(n — m) G° (3) 

The numbers n and m fluctuate independently. They must 
be integral; otherwise the number passing in one period would 
be connected with that passing during previous and successive 
intervals. The range of possible values of n and m is determined 
by two identical probability distributions, but their actual values 
are not known during any particular period 7. 

A study of the fluctuations in 6V, will give us the shot-noise 
voltage, the probability distributions given to n and m depending 
on whether or not the valve is space-charge limited. 

The voltage SV, evokes a charge 


09s 
60, = es (4) 


from the space charge, which, when it appears on the circuit 
capacitance C develops an additional voltage 5V> given by 


bV; Ss C.6V; 


120, o 
OV, a cpp — eon . (4a) 
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The total resulting anode voltage is then 


AV O14 Sx Byers 


where p = C,/C. 

Now p is related to the differential coefficient 3Q,/3V, which 
‘is one of the characteristics of the valve. Mathematically a 
jdifferential coefficient is a limiting value attained as the incre- 
ments approach zero. However, it has been shown in a previous 
paper’ that such differential coefficients have no constant value 
) for voltages such as 6V,, which are as small as the fluctuations. 
From physical considerations the graph of Fig. 2 could be drawn 


mA I De - fh osilt(5) 


Sig. 2.—Showing how the quotient 6Q;/dV approaches the differential 
coefficient 00,/)V as 0Qs and OV are reduced, and becomes of 
unknown value when 6V is comparable with or less than the 
fluctuation. 


showing how, when very small voltages are concerned, the 
differential coefficient becomes blurred, fluctuating possibly from 
positive to negative values. 

We are not permitted, however, to put any value we please 
for p. One restriction is that the total charge making up the 
voltage AV must be an integral number of electrons. This could 
be achieved by taking particular fractional values for p, such as 
1/(n — m); 2/(n — m),... etc. Such a set of values of p would, 
however, connect the values of m and m, so that they could not 
fluctuate independently. We are obliged, therefore, to take for 
p only integral values. 

The value of p is dependent on two factors: 

(a) The state of the space charge during the period in which 
the p electrons are liberated. 

(b) The necessity that the average value of p should be equal 
to the ratio C,/C. 

The simplest way to satisfy condition (a) is to make p propor- 
tional to n, i.e. to put 


se TIN Sti tik oo te ETS (6) 


If now n and k are to fluctuate independently, 7 is integral 
and their product p is also integral, then & must itself be an 
independently fluctuating integer. We can now write an expres- 
sion for the instantaneous voltage AV: 


AV=(n— ml + nk) = = re (say) . . 


in the study of which n, m, k are three independently fluctuating 
integral numbers. We shall now outline very briefly the methods 
We shall use. 


(2) PROBABILITY GENERATING FUNCTIONS 


A probability generating function (p.g.f.) for integral numbers 
is a power series of which the coefficients, a,, of the nth power 
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of the variable, i.e. x”, is the probability that n occurs. The 
p.g.f. describing 7 is therefore 


NG) = >) a,. x? with NG) =>>.4, =1 


also N"(x) = > na, x" so that N’(1) = >} na, =A 


and N’(x) = Y} n(n — 1a, . x*-2 so that 
n 


N01) =n? —n 
The mean-square deviation of 7 is 
o2 = (n — f)* = N’(1) — N’(1)? + N(A) 


No further properties of the p.g.f.’s will be required, but we 
shall have to find the p.g.f.’s of various sums and products of 
numbers. These will merely be stated without proof. The 
terminology used will indicate the combinations involved: 


(N + M)(x) = N(x). M(x) _ is the p.g.f. for (n + m) 

(N — M)(x) = N(x). M(x~!) is the p.g.f. for (n — m) 
(VN. K)(x) = N(K(x)) is the p.g.f. for (nk) 

(M.N.K)(x) = M(N(K(x))) is the p.g.f. for (mnk) 
C= P)\@) = xP) is the p.g.f. for (1 + p) 


Using these forms we find that the p.g.f. for the integer r is 
R(x) = (N — M\(xP(X)) 


1 
= N(xP(x)).M (ee) 
(xP(x)) xPG@) 
which demonstrates that a p.g.f. for r can be constructed. It 
is, however, a complicated function, and we shall make our 
problem easier by dividing it into three terms corresponding to 
the three simultaneous processes taking place: 


r=(n—m)+n.nk —m.n.k 
and we shall require the variances 
OPES) 2 
oO}; = On m a On . nk “Ip oye eta ie 


The p.g.f. for 1. nk can be written down, but it is simpler to 
replace the first n by 7, since # is so large that its fluctuation will 
be relatively negligible; thus 

aa 
Genk Aen tn Ie (8) 


ts ope 
oO; = On-m 


(3) A GENERAL THEOREM FOR THE TOTAL MEAN-SQUARE 
VOLTAGE 


Campbell’s theorem can be expressed by the equation 
es ive) 
V2 = fF [ V(t)2dt 
0 


where V(f) is the voltage, expressed as a function of time, set up 
by the passage of one electron. The product /,7 is the average 
number of electrons passing per second and V2 is the total mean- 
square voltage set up by the random passage of the electrons. 

The derivation of this theorem? has been based on the 
mathematical concept of dividing time into such small elements 
that the passage of one electron during one element is a rare 
event, while the probability that two electrons pass is so small 
that it may be neglected. 

Now, for a current of 1 mA there are about 10!° electrons per 
second, so that the elements of time in this consideration are at 
least two orders smaller than 10~!°sec, which, according to the 
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Heisenberg uncertainty principle, will give an uncertainty in the 
energy of the electrons of about 103eV. But we know the 
energy of the electrons in ordinary valves much more accurately 
than that. From this procedure we are very likely, therefore, 
to obtain results which have little physical significance. This is 
in fact seen to be the case if Campbell’s theorem is applied to two 
valves, one having a saturation current and the other a space- 
charge-limited current of the same amount, while the circuit 
time-constants and times of flight of the electrons are arranged 
to be the same. It is well known that the fluctuations will be 
very different, while with Campbell’s theorem we cannot dis- 
tinguish between the valves. 

We shall circumvent this difficulty by stating without proof a 
new and more general theorem: 


co 
Vi= fy | verde . (9) 
0 
This equation can be obtained very readily on the assumption that 
the amplifier is not able to record the passage of each individual 
electron, but only the combined effect of the passage of r electrons 
f, times per second. The voltage recorded in every period 7 is 
rV(t), and from this the energy dissipation can be calculated. 
Eqn. (9) can then readily be deduced without introducing anti- 
physical assumptions. 
Egn. (9) can be rewritten 


ice) 
V2 = 7,( + 0) I V(tyrat . (9a) 
and, by inserting for r a Poisson distribution and neglecting the 


effect of the average anode current, we obtain as a special case 
of eqns. (9) and (9a) 


co 
=hr| verde . (9b) 
0 

which is Campbell’s theorem. It has now, however, been placed 
on a sound physical basis, and its limitations are more clearly 
seen. 

For our particular problem we are concerned only with cases 
for which (x — m) = 0, so that Ff is always zero, and we shall 
use the new theorem in the form 


4 = for | V(t/dt . (9c) 


We also note that since V(t) = (e/C) exp (—1/RO), the integral 
in all cases is e?R/2C, and 
__ fyore?R 


2 
a 2C 


(10) 


We shall now consider the separate terms in eqn. (8) which make 
up the value of o?. 


(4) THE SHOT NOISE 


The shot noise, whether or not the current is space-charge 
limited, is given by the first term of eqn. (8), and for it we have 


V2_ 


Using the p.g.f. for (2 — m) given in Section 2 and remembering 
that N(x) = M(x), it is found that 


O2_m = 0 + 03, = 202 
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But the value of m for one period becomes the value of n for the | 
next. We have therefore counted each value of n twice too often, 
so that for our present purposes we must put 


O2_m = OF (11) 
from which we get 
72 fore R 
i 2C 


Experience has shown that, for a saturation current, the dis- al 
tributions of n and m are Poisson distributions, for which 


N(x) = M(x) = exp a(x — 1) 


If we call [2 the space-charge smoothing factor and o?p the ji 
variance for a Poisson distribution of n, then ; 


o2 = 1°22, = PH 4! 
so that, finally, since the anode current J is equal to fie, y/ 


— 


a el Waees 


ZC 


Putting [2 = 1 we get Schottky’s original expression for the «| 
noise of asaturation current. Thespace-charge smoothing factor 
now appears, not as an ‘ordering’ of the electrons, but asachange | 
in the probability distribution when space charge is present. aa 
Schottky’s expression can also be obtained if it is assumed that | 
a fluctuation current 2e/ per unit bandwidth flows through the | 
combined resistance and capacitance in parallel, and integrating © 
the mean-square voltage over a very large band of frequencies. — 


Consequently, mean-square voltages such as V2_,, which are 
proportional to R are like the shot noise in being independent of 
the bandwidth in the sense that they can be represented by a | 
constant current per unit bandwidth. In later Sections we shall | 
obtain mean-square fluctuation voltages which are not propor- 
tional to and increase more rapidly than R. Consequently they — 
can be represented by a current per unit bandwidth which 
increases as the bandwidth is decreased, and may be classified 
as a manifestation of the flicker effect. Before we examine 
them we shall study the effect of the space charge in enhancing 
the shot noise. 


(5) THE ENHANCED SHOT NOISE 


To calculate the value of on nk We require the p.g.f. (NV . K)(x) 
= N(K(x)). Using the processes indicated in Section 2 it is 
readily found that 


02, = oz + o2k (12) 
This variance occurs for each of the 7 electrons we have assumed 
to pass in the period7. Consequently for the 7 electrons passing — 
simultaneously so far as the measuring amplifier is concerned, 
the total variance will be 7 times greater, so that 


e 2 
oF a= fioz, =n o¢ + nork (13) 
2 Be 
=noz+I? nk 
@) 2 
= 2 
=n OZ + re(4 (13a) 


Similarly, for the study of the product mnk we use the p.g.f. 


r : K)(x) = M(N(K(x))) and it is straightforward to find 
a 


CG, Cy 
One = 3( 2) + o(S)E +a. Roz (14) 
C 
F 2 
The expressions for both o;,,, and o2,,, contain terms in 7 and 
C,/C, which, on being added together, give expressions which 


re of the shot noise type, proportional to R, and which we shall 
all an ‘enhanced shot noise’: 


_ puelR (&) Cre 

1 IA a C oF ce ne (15) 
Two distinct shot-noise effects have now been given, one due 
‘sto the initial fluctuation of the anode current, and dependent 
»ion whether or not the current is space-charge limited, being 
“ismaller when the current is so limited. The other is an addition 
«to the first, dependent on the extent to which the capacitance is 
‘influenced by the presence of space charge. Space charge exists, 
of course, even at the saturation current, especially when the 
anode voltage is only slightly greater than the saturation voltage, 
'»se that the enhancement of the fluctuations could lead to a shot 
noise greater than the full shot noise described by Schottky, 
over certain regions of the characteristic. The ratio C,/C is not 
necessarily negligible, but it would be unwise in view of the 
j approximate nature of the theory being developed to attempt a 
‘firm estimate of its value. However, it has been pointed out? 
that a considerable discrepancy exists between the theoretical 
estimates of the fluctuation of space-charge-limited currents and 
{ the observed fluctuations, and a factor independent of I? and 
s anode current, such as C,/C, would be of the right kind to 
explain the discrepancy. 


(6) THE FLICKER EFFECT 


Looking again at eqns. (13) and (14), we find in each a term 
| Ze nioz, from which we get a total mean-square voltage 


(16) 


We can make progress in the interpretation of this component 
_ of the fluctuation by investigating the distribution of the values 
| of k. We have seen that dQ,/dV fluctuates from positive to 
negative; 7, however, is always positive, so that k must fluctuate 
from positive to negative. This condition, together with the 
condition that k must be integral, leads us to suggest a p.g.f. for 
k having only three terms, representing the possibilities that k 
may be +1, 0 or —1, namely the trinomial 


K(x) =ax+b+4+ cx"! (17) 
From this it can readily be seen that 

k=a-—c 
of =(a +c) —(a— 0? 


This last expression is essentially positive, as it should be, since 
4, b and c are all fractional and (a + b + ¢) = i 
As fi is increased by increasing the resistance R, thereby 


decreasing the bandwidth, kK decreases in such a way as to keep 


and 
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Fig. 3.—Fluctuation of the integer k. 


Each dot on the lines k = + 1,0, —1 represents the passage of one of the n electrons 
during each interval z. 


the product nk (= C,/C) constant. It does not follow, however, 
that a and c should decrease as k decreases; it is necessary only 
that they should become more and more nearly equal. Fig. 3 
shows a possible set of values of k over two successive periods T. 


It will be apparent that it is physically unlikely that, as k decreases 
to zero, a and c will change appreciably, since the events in the 
inter-electrode space will not be critically dependent on k. We 
can therefore take o7 to be very nearly constant independently 


of k,iorzv. Remembering now that f,fe = J, we can reduce the 
expression for V7 to 


a 
V2 = I?R’o2 


This fluctuation voltage increases more rapidly with R than 
do the expressions for the two kinds of shot noise, so we can 
infer that as the bandwidth is decreased the fluctuation expressed 
in the usual way as a current per unit bandwidth increases. This 
behaviour is in contrast with that of the shot noise, and is a 
feature of what has hitherto been called the flicker effect. We 
have here, however, obtained this result without assuming the 
existence of metastable states on the electrodes, as has always 
previously been done. 


(7) DISCUSSION 


We can now collect the expressions for the three types of noise 
contributed simultaneously by the fluctuations, getting a total 
mean-square voltage 


Ve < ae sis Va wae 5 V ine 


a Vi _m+ V2, + V2, 


2 
_ aR}, (Ss) (Ce igi 
In the second expression for V2, the terms V2,, and V2inx 


each make contributions to V2, and VA 

The final expression shows a much more complicated depen- 
dence of the fluctuations on the circuit and space-charge con- 
ditions than has hitherto been expected. The individual features 
of this dependency have been touched upon in the earlier Sections 
as they have been brought out by the equations, but, to recapitu- 
late, it will be noticed that the space charge, when it controls 
the current, reduces the fluctuations. On the other hand, when 
it contributes an appreciable capacitive effect, it enhances the 
fluctuations and also gives rise to a flicker effect when the time- 
constant of the measuring amplifier is very small. 

If we consider the effect of an inductance in parallel with the 
resistance and capacitance, the voltage V(r) due to the passage of 
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one electron will become oscillatory, but the integral in eqn. (9) 
remains very nearly unchanged. Consequently we may expect 
the flicker effect to be observed at all mean frequencies, provided 
that the bandwidth is small enough. This aspect of the flicker 
effect has not previously been considered, but there is some experi- 
mental evidence, albeit by force of circumstances of only limited 
extent, that the flicker effect is in fact observed at all frequencies 
up to 20kc/s when the bandwidth is sufficiently reduced. 

The enhancement of the fluctuations and the flicker effect 
described here can be expected wherever a current sets up a 
space charge. It may therefore be possible to explain at least 
part of the flicker effect observed in semi-conductors—ger- 
manium diodes, for example—in a similar manner. 

It is very likely that the crude assumption leading to eqn. (6) 
for the effect of n on C, will give rise to far too large an estimate 
of the flicker effect. It has been used, however, so as not to 
cloud the physical picture with complicated mathematics. A 
better assumption would be to put 


Ch on) k 


which would give a much reduced estimate. However, the 
number (7 — n) is in general fractional, and to use it would be 
inconsistent with the methods used in this paper. 

Finally, it should be noticed that, although we have used 
Fig. 2 to indicate that a differential coefficient, in this case 
00,/dV, fluctuates when noise voltages are under consideration, 
we have in fact used p.g.f.’s which are not dependent on the 
fluctuation voltage, SV. In other words, we have tacitly assumed 
that the fluctuation voltages occupy only a negligible range of 
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abscissae. This is clearly not a satisfactory position in which |) 
to leave the matter. We can improve the accuracy of our con- | 

siderations by making the parameters a and c of eqn. (17) | 
functions of SV, such that the average value of the differential 
coefficient remains constant but its fluctuations decrease as 8V 
increases. This opens up the possibility, not hitherto available, |' 
of letting 5V include not only fluctuation voltages but also applied ji 
signals of varying magnitude, so enabling the masking of signals | 
by noise to be studied more realistically. 
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SUMMARY 


‘A theory is given of an instrument for the measurement of surface 
mpedance at microwave frequencies. 

Two prototype instruments—one for 6 Gc/s and one for 34Gce/s— 
ve described, and the measurement procedure is explained. Basically 
.€ surface impedance (Z; = Rs + jXs) is deduced from the resonant 
nditions of the cavity operated simultaneously in Ho1- and E;1-modes, 
# particular, the cavity bandwidth is a measure of the surface resistance 
ys, and the surface reactance, X;, is deducible from the separation 
2tween the Ho; and Ej; responses. 

‘ As an illustration of the use of the instruments a number of experi- 
ental results are cited. 


LIST OF PRINCIPAL SYMBOLS 


! = Resonator length. 
s = Radius of the resonator. 
ky = 2m/Ay = Free-space wave number of a perfect 
cavity. 
hg = Cut-off coefficient of a perfect cavity. 
Bo = Axial coefficient of a perfect cavity. 
Ok, 5h, SB, Of, Sfe = Various perturbation parameters. 
k = ky + 6k = Wave number of the (imperfect) cavity. 
h = ho + 6h = Cut-off coefficient of the cavity. 
B = By + 68 = Axial coefficient of the cavity. 
fo = Resonant frequency of the perfect 
cavity. 
fe, fy = Resonant frequency of the cavity in 
the E; ;-and Ho,-mode, respectively. 
xy = 1/Qp, by = 1/Qy = Bandwidth of the cavity in the E, ,- and 
Ho;-modes, respectively. 
Z, = R, + jX, = Surface impedance normalized with 
respect to Zp (= 377 ohms). 
5 = Separation between the E;; and Ho, 
resonant frequencies. 


(1) INTRODUCTION 


At microwave frequencies surface impedance is a particularly 
mportant physical property of a surface, in an analogous manner 
s at relatively low frequencies the impedance of a component 
1 an electric circuit is an important physical property of the 
omponent. 

In electric circuits, if the impedances of all the components 
nd the manner in which the components are connected are 
nown, the electric behaviour of the circuit as a whole can be 
omputed with precision. Likewise, at any particular frequency 
1¢ performance of a microwave circuit is (at least in principle) 
rédictable from its dimensions, its mode of operation and the 
“face impedance of all the current-carrying surfaces. Thus, 
yf example, the phase-change and the attenuation coefficients 
f 4 waveguide are calculable, at any particular frequency and 
# any mode of operation, from the measurements of the wave- 
ui le cross-section and the surface impedance of its walls. In 
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a similar manner the resonant frequency and the Q-factor of a 
microwave cavity are completely determined for any particular 
mode of operation by the cavity geometry and the surface 
impedance of its walls. 

In general, surface impedance is not a constant but is a function 
of frequency and often also of many other factors; this is not 
unlike the impedance of a component in an electric circuit—for 
example, the impedance of a condenser is over a limited frequency 
band inversely proportional to frequency. 

The necessity of some means of measuring the surface impe- 
dance is apparent, particularly since in most practical cases the 
analytical difficulties in computing the value of the surface 
impedance for a given set of its physical constants are considerable 
(e.g. rough surfaces). 

There are a number of well-known methods for the determina- 
tion of surface loss (essentially proportional to surface resistance, 
or the real part of surface impedance) to a reasonable degree of 
accuracy; the attenuation measurements on waveguides are just 
one illustration of such a method. The measurement of surface 
reactance (the imaginary part of surface impedance), however, 
is a much more difficult proposition, and there are no known 
methods of determining this quantity satisfactorily for practical 
needs, 

In what follows, a description of a surface-impedance 
measuring instrument is given. Two instruments were designed, 
one for the 6Gc/s band and the other for operation at a free- 
space wavelength of 8-7mm, and the use of the instruments is 
illustrated by experimental results. Using these instruments it 
is possible to determine both the real and imaginary parts of the 
surface impedance of a cylindrical sample forming part of the 
cavity. In principle, the instrument consists of a cylindrical 
cavity excited in the Ho;- and E,,-modes: the surface resistance 
is determinable from the Q-factor, and the surface reactance from 
the separation between the Ho,- and E, ;-responses. 


(2) PRINCIPLE OF OPERATION OF THE INSTRUMENT 


The instrument consists of a cylindrical cavity of circular cross- 
section, as shown in Fig. 1, where (a) and (a’) are the two 


(5) 


\wo 


Fig. 1.—Schematic of the instrument. 


removable end-plates and (4) is the curved wall of the cavity 
(hereafter referred to as the ‘wall’) which is the sample under test. 

There are means for coupling the energy into (c) and out of 
the cavity (d), but the constructional details of the coupling are a 
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matter of engineering convenience in relation to the frequency of 
operation of the instrument. 

The dimensions of the cavity (diameter D = 2s, length /) and 
the type of coupling are so chosen that the cavity can be operated 
at the design frequency in either the Ho;- and E,;-modes, or both, 
without the interference from any other modes. 

To explain the manner in which the instrument works, suppose 
that it is required to have an instrument working in the vicinity 
of a frequency fy. For any such frequency the dimensions D 
and / can be so chosen that in its vicinity the cavity will only 
respond to Ho,,- and E,;;-modes of oscillation. 

If the cavity were perfect, the following relation would be 
true:! 


eM eal of pee ie pal. etree, seat) 
where ky = x = 

Bo =F spectre tele) 

ae ao 


Eqn. (1) gives a relation between the dimensions of a cavity 
and the resonant frequencies of the Ho; ;- and E;;;-modes, which 
in the case of the above perfect cavity are identical. Further, 
the Q-factor (Q = 1/b, where b is the half-power bandwidth) of 
such a cavity is infinite. 

The cavity is termed ‘perfect’ because the surface impedance 
of all its walls [(a), (a’) and (b)] have been assumed zero. 

Physical cavities are referred to as ‘imperfect’ because of their 
non-vanishing value of the surface impedance. If the surface 
impedance is small, which is true of all practical cavities, eqn. (1) 
is replaced by! 


EEN ee en ae ere) 
where k =k) + 6k 
HANA SO SOW 2) ET A) 


B = Bo + 6B 


To consider a homogeneous physical cavity we can imagine 
the cavity walls to have a surface impedance Z, = R, + jX,, 
and the following formulae can be shown to be true. 


Let 


fu =fo + Sfx 
= Resonant frequency of the cavity in the Hg;-mode 
1 
SF by 


= Q-factor of cavity in the Hp,;-mode 


by = Half-power bandwidth of the cavity in the Ho, ;-mode 
and fr, Or, bg be similar quantities pertaining to the resonance 
of the cavity in the E;;-mode. It can then be shown that! 


aaa eg 
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for the E;;-mode, and 


ofa 


fie E a us Gey ie 
Le ct) + “(F) oe 
for the Hg;-mode. 


Evidently the bandwidth of either E,;- or Ho,-response is 3) 
measure of R, and presents no difficulty. The quantity X, | 
would, however, be deducible from the resonant frequency ol . 
the cavity in the E,,- or Ho;-mode if the frequency, fo, of the 
perfect cavity were known. | 

The frequency fo cannot, however, be measured, and the best. 
that can be done is to deduce it from the measurements of the! 
cavity using eqns. (2). Notwithstanding, the small errors in the 
measurement of s(ds) and /(S/) lead to an error in the deduced) 
resonant frequency fo given by | 


ofo ho 2 ds Bo 28] | 
to e S ate vi ee @ 


Suppose that Z, is the surface impedance of a plain copper 
surface at 9Gc/s (6 x 1075). It follows from eqns. (6) and (7) 
that to be able to measure it to a sensible degree of accuracy 
the quantities ds and 6/ would have to be known to within a) 
few millionths of an inch, a prohibitive requirement. ; 

Here it will be convenient to introduce an additional quantity 6, 
defined by 


So to 


= Separation between the E and H resonances 


=e * ae .@ 


It will be observed that this is independent of ds and 6/ and is’ 
a measure of the required quantity X,. 

Fundamentally, therefore, in the case of the surface-impedance 
measuring instrument the surface reactance is deduced from the 
difference between the resonant frequencies of the cavity when 
excited in the Ho,- and E,;-modes, and this is obtainable with 
great precision from the experimental observations. 

Suppose that the instrument is made of a homogeneous 
material, so that all its walls have equal surface impedances Zj. 
To determine its value only two measurements are needed: by, 
the half-power bandwidth of the Ho,-response, giving 


oe te Qa bid) 


and 5, the separation between the Ho,- and E,;-responses, giving 


ho\22|~* 
Vee! @r z) 
| = oA pelteyi | aoe 
Evidently, both R, and X; can be determined to a high degree 
of accuracy. 
Usually it is desirable to measure a third quantity: bp, the 
half-power bandwidth of the E,,-response, giving 


ea Grea res 13 (11) 


Eqn. (11) should lead, within experimental errors, to the 
Same answer as eqn. (9), unless the surface impedance is aniso- 


sby 


an 
(10) 


ipic or the cavity defective in some way. In this manner a 
»ck on these factors can be kept. 


daving determined the behaviour of the cavity with all its 
‘ls of surface impedance Z,, the sample can now be replaced 


cone to be measured (of surface impedance Z>) and the 
asurement repeated. 


et the relevant quantities be denoted by 
5y2 = Bandwidth in the Ho,-response 


‘bz. = Bandwidth in the E, ,-response 
I 5) = Frequency separation between Ho;- and E,1-responses 
len, using eqns. (9), (10) and (11), the following expressions 


the unknown impedance Z, = R, + jX, can be derived: 


nee 
Ry = R, + skolby2 — bud) 


ho 
12) 
Ko\2 ( 
X> = -X; + 2sko(8, — 8,)(—" 
O\N2 1 @) 
ih an additional expression for R» given by 
Ry = Ry + sko(bgep — be) (13) 


dence the value of the unknown surface impedance can be 
iaced. 

it is only right to stress that the measurement is an absolute 
2 and that the instrument is not a surface-impedance com- 
vator. The quantity Z,, which can be obtained from an 
1ependent measurement as described above, is simply a con- 
nt of the instrument. 

{typical response curve of the instrument, with all the relevant 
fantities indicated is shown in Fig. 2. 


payed | 7 


Fig. 2.—Resonant response of the instrument. 
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(3) DESCRIPTION OF THE INSTRUMENTS 


(3.1) General 


Whe underlying principles and the modus operandi of the 
trument have been explained in Section 2, but the instrument 
its practical form must be improved and elaborated in several 
“pects if a versatile defect-free and reliable instrument is to 
Jult. One of such aspects is the contact impedance between 
« sample and the cavity end-plates. 

Whe currents in the walls of the cavity, and associated with 
+ Apy-mode, fiow in circles concentric with the axis of the 
wity; consequently there is no current flowing across the 
“ction between the sample and the rest of the cavity. The 
sonant conditions of the cavity are therefore independent of the 
lal -y of this junction. 

WW th the E,;-mode, however, the situation is different. Here 
~ “arrents are flowing across the junction, and consequently the 
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conditions of resonance are to a noticeable extent influenced by 
its nature, which for all practical cases is largely unpredictable. 

In effect, as far as the performance of the instrument is con- 
cerned, the resonant frequency and Q-factor of the E,,-mode are 
substantially modified by the relevant contact impedance but the 
resonance conditions of the Hg;-mode remain unaffected. This 
phenomenon manifests itself, for example, in the lack of agree- 
ment between the results for R,, as obtained from measurements 
of by and bg [eqns. (9) and (11)]. The consequential experi- 
mental error in determining the surface impedance Z, is often 
objectionable. 

To bridge the difficulty the cavity is constructed of three parts 
made in definite proportion, as shown in Fig. 3. The total 


= > 


(a’) 


Fig. 3.—Improved version of the instrument. 


length of the cavity is twice that shown in Fig. 1 and the cavity 
is operated in the Hg;>- and E,;.-modes. The top part of the 
cavity, above the plane AA, is made of one piece of metal and 
so is the part of the cavity below the plane BB. The part of 
the cavity between the planes AA and BB is the sample under 
investigation. In this construction of the instrument there are 
no currents flowing across any mechanical junctions, and con- 
sequently any errors associated with contact impedances are 
eliminated. 

In this improved form of construction, if the upper and lower 
parts of the cavity each have a surface impedance Z, and the 
middle part (the sample) has a surface impedance Z), eqns. (9)-(11) 
are modified to read: 


hig\* Ry + Ri Bo\? Ri 

ab 1 i 

2H (ee) Cai a 2 ik 
R, +R R 

tbe = 4 ar +2 Ce 
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where / is the total length of the cavity. 

Clearly, if Z; is known from an independent measurement, Z, 
can be determined from the above equations. 

It is evident that when the surface impedance is such that the 
reactive component is of the order of the resistive component or 
less, the two responses (one due to the Hp;-mode and the other 
due to the E,,;-mode) merge into each other (Fig. 4). Conse- 


ce 


Fig. 4.—Typical response of the instrument. 
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‘quently, it becomes more and more difficult to determine with 
accuracy their positions and Q-factors. To improve the measure- 
ment accuracy under such conditions the cavity is modified in 
a number of ways. 

The coupling means (c) and (d) are altered so that the propor- 
tion of the Ho;-mode can be varied relative to the E,;-mode. At 
frequencies not too high (say below 10Gc/s) this is achieved by 
feeding the cavity through a coaxial cable and a loop-probe, 
as shown in Fig. 5. In addition, the whole probe assembly is 


(a) 
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Fig. 5.—Schematic of the 6 Gc/s instrument. 


rotatable in its mounting and thus the plane of the polarization 
of the probe can be varied. Clearly, if the probe is rotated so 
that the plane of the loop-probe also contains the resonator 
-axis, only the E,;-mode is launched; in any other position of the 
probe the proportion of the Hy;-mode is determined by the angle 
between the plane of the probe PP and the plane XX, as shown 
in Fig. 6. Analogous arguments apply to the detector probe. 


Fig. 6.—Geometrical position of the probe relative to the cavity. 


At frequencies higher than about 10Gc/s it may be more 
convenient to have, instead of coaxial, waveguide coupling means. 
In such a case the construction shown in Fig. 7 is preferable. 
Here, rectangular waveguide feeds energy via a conventional 
rectangular Hg,- to circular H,,-mode transducer (e) to the 
coupling hole (d). The transducer is rotatable in its mounting 
(f) and is kept in position by a retaining ring (g). 

If the transducer (e) is rotated, so that the plane PP of the 
feeding waveguide contains the axis of the cavity, only the 
E;;-mode will be launched; in any other position the proportion 
of the Ho;-mode will be determined by the angle between the 
planes PP and XX (Fig. 6). Similar remarks apply to the 
detector probe (c). 

Furthermore, the two parts of the instrument (a) and (a’) can 
be rotated relative to each other, which greatly facilitates the 
separation of the E- and H-responses for the following reason: 

The intensity of the Ho;-mode is independent of the angular 
position of the detector probe relative to the feed probe, but the 
intensity of the E,,;-mode varies sinusoidally with the angle 


KARBOWIAK: AN INSTRUMENT FOR THE MEASUREMENT OF 


(e) 


Lats ree SS 
ELL TE oe 


o_o ‘Seep 
oN = 
meas <= - 
+ ML : 
. PaatT 
Nik | 
Ws BN 1 
ita 
N | NA 
N | NSE 


=~ =. LOLOL Lf fp 


Fig. 7.—The 8-7 mm instrument. 


(a), (e) End-caps. 

(b) Sample. 

(c), (d) Coupling aperture. 

(e) Output waveguide. 

(f) Input waveguide. j 
(gz) Upper retaining ring. ‘ 
(A) Sample holder. 


between the probes; consequently two positions (diametrical 
opposite) can be found in which there is no coupling betwec 
the feed and the detector via the E, ;-mode. ; 

Using this refined form of the instrument, the two respons: 
one due to the E,,-mode and the other due to the Ho,;-mod) 
can be separated easily, even for very small values of surfa 
impedance, by a procedure described below. 


(3.2) An Instrument designed for the 35Gc/s Band 


The instrument shown in Figs. 7 and 8 is suitable for measur 
ments in the 35Gc/s band. The diameter of the cavity is ju 


Fig. 8.—Exploded view of the 8-7 mm instrument. 


under 0-5in and the length of the cavity (J) is a little ov 
0-75in. These dimensions were chosen, with the help of 
mode chart, so that in the frequency range about 500Mc 
above and below the resonant frequency of the Hpo,-mot 
(34:5 Ge/s) the cavity is free from any other modes of oscillatio: 
except the E,,;-mode. The margin of 500M¢e/s is sufficient 


| 
e instrument is intended to measure surface impedance whose 
active part does not exceed about 10~? (i.e. approximately 
»ohms), which is considered ample for the purposes intended. 
‘owever, the instrument could be designed, if required, for a 
wger frequency margin. 

{The instrument is fed from a swept-frequency microwave 
ynerator of a suitable frequency through the lower transducer 
id coupling hole (Fig. 7), while a crystal detector is connected 
t the end of the upper transducer. The rectified crystal output 
«fed through an amplifier to an oscilloscope whose time-base is 
wachronized with the voltage responsible for frequency sweeping 
{ the microwave generator. 

4A typical response curve for a moderate value of surface 
‘actance is shown in Fig. 10. 


Fig. 9.—The 8:7 mm instrument assembled for test. 


Tie experimental procedure is as follows. The instrument, 
wich is preferably made of coin-silver, is fitted with a coin-silver 
mole and connected up as shown in Fig. 9. With the upper 
42 turned with respect to the lower one, so that the coupling 
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means (c) is immediately above the coupling means (d), the 
instrument is brought into resonance, whereupon a display 
similar to that shown in Fig. 10 will be obtained. The feeds 


Fig. 10.—Typical resonance curve of the 8-7 mm instrument showing a 
separation between the Ho; and E;; responses of approximately 
7 Mc/s. 


are then turned in their respective mountings until the response 
due to the Ho,-mode disappears, and the measurement of the 
bandwidth [giving the quantity R, through eqn. (13)] and the 
resonant frequency are carried out. 

Subsequently the upper part of the cavity is turned round 
(by 90°) until the response due to the E,,;-mode disappears. 
The probes are then adjusted in their respective mountings until 
the response (due to the H9;-mode) is at its maximum, and the 
measurement of the resonant frequency and Q-factor [giving the 
quantity R, through eqn. (9)] are carried out. 

To measure the surface impedance of an unknown sample the 
master sample is replaced by that to be measured. The procedure 
is as described above in connection with the master sample, and 
the measured values of by, bj, and df are used in conjunction 
with eqns. (9), (10), (11) and (14) to determine the real and 
imaginary parts of the surface impedance Z>. 

The samples are provided with a grip-on sample holder (h) by 
means of which the sample can be turned round to various 
positions, so that a mean of several measurements may be 
obtained should the sample be irregular. 

Clearly, great care must be exercised in the making of samples, 
particularly where a high degree of accuracy of measurement is 
required. For example, an elliptical sample leads to a split in 
the E,,; resonance line in the case of substantial ellipticity, but 
only to an apparent broadening of the resonant response in the 
case of small ellipticity. An irregular sample will usually 
exhibit a lower Q-factor than a symmetrical one, and, further- 
more, in the case of irregular samples the quantity éf becomes a 
function of the angle between the feed and detector probes. 


(3.3) An Instrument for Operation at about 6 Gc/s 


The instrument for the 6 Gc/s band is of a construction some- 
what different from the one described above. In principle it 
could have been a scaled version of that instrument, but, because 
at 6Gc/s waveguides become too bulky, coaxial feeds are 
preferable. In consequence the probes take the shape of little 
loops, as indicated schematically in Fig. 5. 

A typical response curve of the instrument would be similar 
to that shown in Fig. 10. 
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Fig. 11.—d, as a function of the thickness, ft, of the dielectric. 
Resonant frequency in the Ho1-mode approximately 6-3 Ge/s. ~ 


The measurement procedure is analogous to that described in 
connection with the 35Gc/s surface-impedance measuring 
instrument. 


(4) DISCUSSION OF THE USE OF THE INSTRUMENTS 
AND SOME EXPERIMENTAL RESULTS 


(4.1) An Experiment using the 6Gc/s Instrument 


For a certain microwave application a detailed study of the 
effect on surface impedance of thin skins of dielectrics over a 
copper surface was required. 

For this purpose the 6Gc/s instrument was employed and a 
number of cylindrical samples were made of copper, with the 
required dielectric deposited thinly (by the process under investi- 
gation) on the inner surfaces. In this way various dielectrics 
and methods of application were put to test, and the material 
and method were chosen to meet the required specifications, in a 
minimum amount of time. 

Theoretical investigations!»? show that a thin skin of dielectric 
over a metallic surface has a negligible surface impedance as far 
as H-waves are concerned, but a significant surface impedance 
for E-waves. Referred to the surface of the metal backing the 
dielectric layer, it is given by! 


hy 2 ity | 
g = ite] :) —(> (15) 
ia aml SK: Zz) 
which can be transformed into 
5 : 1 
Zy= Ra + jXa = iefo(®)(1 a =) : . (16) 
If we put e, = €,(1 —/ tan 8), then 
tan 6 
a= tol) 
(17) 


n= A023 


The total surface impedance, however, is larger by the amount 
of the surface impedance of the metal surface, given by! 


ZnZy = +a (Ze) (18) 


6 8 16 
THICKNESS OF DIELECTRIC, MILS 


This, however, can be neglected only if the increase in band: 
width of the cavity and the increase, 54, in the separation between 


=a 


the E- and H-modes are noted. i 

Evidently, the graph of 6, versus the thickness of the dielectric 
layer should show a straight line passing through the origin, its) 
slope being a measure of the surface reactance of the dielectric] 
coating. | 

The experimental results for this case are shown in Fig. 11. 
The dielectric skin was made of polystyrene deposited from a 
chemical solution, and the dielectric constant calculated from) 
the slope of the experimental line is 2-6. Throughout, within, 
experimental errors, Qj; was unaffected, while OQ, was a decreasing 
function of the thickness of the dielectric coating; Fig. 12 shows! 


Fig. 12.—Qz- as a function of dielectric coating thickness. 


the experimental results. The experimental points, it will be 
noted, are rather erratic and the loss tangent deduced from the 
results is of the order of 0-01, which is considerably greater than 
that for solid polystyrene (0-0007): this is attributable to con- 
tamination of the dielectric by the solvent. 


(4.2) An Experiment in the 35 Gc/s Band 
In connection with some work carried out on waveguides for 
long-distance transmission,° it was observed that the performance 
of a long length of circular waveguide operated in the Ho,-mode 


‘largely affected by the surface impedance of the waveguide 
ull; and with a view to improving the performance of the 
veguide when subject to bends it was thought desirable to 
rrugate its surface. 

(In order to achieve the necessary performance with a moderate 
‘ort and without unduly increasing the attenuation of the 
veguide, a knowledge of the surface impedance of corrugated 
aces (with a triangular profile) as a function of surface 
irameters was required. To that end a number of suitable 
all cylindrical samples were prepared. 

\All samples were turned individually, in a lathe, to the required 
asurements, and the corrugations were formed by cutting a 
ead (using a suitable ground tool) on the inner surface of 
e sample. Subsequently each sample was measured in the 
Gc/s instrument. 

‘As a matter of interest and for the purpose of subsequent 
cussion, apart from by (bandwidth at resonance in the Ho;- 
ode), bg (bandwidth at resonance, in the E,,-mode) and 6 
sparation between the E,;- and Ho,-responses), two more 
antities were measured:* 67, (change in the Hp, resonant fre- 
ency when a threaded sample is substituted for the unthreaded) 
id } (corresponding change in the E,, resonant frequency). 
€ experimental results are shown in Figs. 13 and 14. 


$, S¢)5ipMds 


DEPTH t, MILS 


ig. 13.—bz, by, dg, Sy, 6 plotted against depth of corrugation, /, for 
a constant pitch of i2 turns per inch. 


p = 0-083in, Ap = 8-7mm. 


Fig. 13 shows the variations of 5y, Sz, by,b¢ and 6 as functions 
f the depth of corrugations for a fixed pitch (0-083 in), and 
ie. 14 shows the variations of the same quantities with pitch for 
constant depth of corrugations (0-013 in). an 

Before attempting to interpret the experimental results it is 
nverative to observe that the surfaces investigated are aniso- 
ea et fees aa Shen in Section 2, Out bi dls present 
steace it is nevertheless instructive to measure them. Since the surface reactances 
ve ved are rather large the percentage errors are not too excessive. 


‘ Jimilar experiments were carried out on samples of different proportions, 
4 3 will not be recorded here. 


but the 
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Fig. 14.—bg, by, dg, On, 6 plotted against pitch, p, for a constant 
depth of corrugations, /. 


1 = 13 mils, Ap = 8-7 mm. 


tropic? and also that the principal axes of anisotropy do not 
coincide with the co-ordinate axes of the cavity. Since, however, 
the angle of anisotropy enters into the computations as the 
square of the tangent of the angle? and the angles involved are 
small, it is permissible to neglect its effect on the experimental 
results. However, it is essential to consider the anisotropic 
nature of the surface. 

Using the formulae given above and some formulae quoted 
elsewhere,! it can be shown that, if we denote the anisotropic 
surface impedance [Z’] by its two components Z; (circumferential) 
and Z;, (axial), and let d; be the difference between the resonant 
frequency of the instrument with a threaded sample and that 
with a smooth sample, and 6, a similar quantity pertaining to 
the resonance in the Ho,-mode, while Ab; and Ab, are the 
increases in the bandwidth of the cavity under the above condi- 
tions for the E,,- and Ho;-modes, respectively, the following 
expressions can be derived: 


_ 1X 
Fp 2 skg 
R, 
- (19) 
2 ho 2 we 
Oa) ar 
3) ho 4 R, 
Pea (i) sky } 
where a A ee a (20) 
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e. [Z] = Increase in surface impedance of the anisotropic sur- 
face above the value Z,,,, the surface impedance of the unthreaded 
surface. 


The increase in the separation between the E,,- and Ho)- 
responses, 6, is now given by 
2 
gat ay is rel) 
2 ko sk 
k ho\? 
where* A=  ( a) os G ° x. | (22) 
Bo Bo 


It is important to note that, whereas in the isotropic case 6 is 
directly proportional to the surface reactance, the relation 
between 6 and the principal anisotropic components, X, and X, 
is not a simple one, but is given by eqns. (21) and (22). 

Although the quantitative interpretation of the experimental 
results shown in Figs. 13 and 14 is not an easy task, the qualitative 
interpretation is quite simple, as follows: 

With corrugated surfaces of a rather coarse pitch, the loss in 
the surface depends largely on whether the corrugations run 
across (E;;-wave) or along (Hp;-wave) the lines of current flow. 
For this reason we would expect 6; to increase more rapidly than 
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results are thus in experimental confirmation of the discussion 
given in Section 2. 
The interpretation of the shape of the 5, and dy curves i ip 
somewhat complicated because these quantities, as mentiones| 
above, depend on two different causes: the surface reactance an« 
the effective diameter of the corrugated sample. Thus, fo. 
example, the curve of d¢ in Fig. 14 has two asymptotic values | 
(a) for large values of pitch in relation to depth of corrugation) 
when the effective radius of the corrugated sample is equal to thi. 
mean radius, and the surface reactance is substantially nil; ang 
(b) for very small values of pitch, when the effective radiug of 
the sample is equal to the radius of an imaginary cylinder whicl 
touches the high points of the corrugations, and the surfaci| 
reactance is given substantially by kol,,, where /,, is the may 
depth of corrugation. 
Between the two extremes the apportioning of 6; between thf 
two effects might not, at first, seem to be an easy matter. But: i 
little more scrutiny leads to the following conclusion. To 


first order of quantities (and this is our only concern), the circum), 
ferential component of the surface reactance, the only on ! 
affecting the Ho,-mode, an 


is substantially Zero (X, = a 0), 


O2 


Fig. 15.—Normalized surface reactance of a corrugated surface with triangular corrugations. 
Xal Xa = exp (—3p/V/1) 
Experimental results for / = 6-5 mils. 
Experimental results for / = 13 mils. 


® 
fe) 
A. Experimental results for / = 26 mils. 
x Experimental results for / = 52 mils. 


by; this phenomenon is exemplified in Fig. 13. With samples 
of fine pitch the results for bg and 6, are rather erratic, owing to 
varying amounts of burr (difficult to avoid) formed during the 
thread-cutting process. 

It is significant to note that for a given depth of corrugation 
by has an asymptotic value just in excess of 5 Mc/s (when the 
pitch becomes large), and this is the bandwidth of an uncor- 
rugated cavity. On the other hand, b; has an asymptotic value 
between 9 and 10 Mc/s, which is significantly higher than that of 
an uncorrugated cavity. The reason is again the surface finish, 
which, in the axial direction (E,,-wave), is significantly poorer 
than for a plain sample. 

5, and 6;, show a large scatter in experimental results mainly 
because, as explained above, these quantities depend on surface 
reactance as well as on the effective diameter of the sample; the 
mean diameter is, however, difficult to assess with any accuracy 
and consequently the errors are large. The separation between 
the E- and H-responses, 5, on the other hand, depends solely on 
surface reactance and hence is determinable with accuracy. These 


* It is to be noted that if X, = X; (isotropic surface), Xz = X; = Xi. 


4 
X =PITCH X 96JN. 
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follows from eqns. (21) and (22): 
XG = 2dsko 


The quantity to be measured is 6, the separation between the 
E,,- and Ho -responses, which, as discussed above, is determinable 
with accuracy. 

In all, about 20 different samples were measured and the resi 
shown in Figs. 13 and 14 are merely representative. On super: 
ficial examination the results seem to have little in common, but 
a detailed and careful examination shows that there is a definite 
correlation between the surface reactance of a corrugated surface 
(with a triangular profile) and the corrugation measurements. In 
fact, when suitably normalized, the averaged experimental points 
can be shown to fall on a common curve, as illustrated in 
Fig. 15. 

If the pitch p and the depth of corrugations / are measured in 
inches, the experimental law can be shown to be 


X, = Xaq exp (—3p/¥/I) (24) 
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‘jere A Cone ON a ae ot a a eh ee (25) 
= Surface reactance of the surface of 
very small pitch (p — 0). 


(4.3) Sample Uniformity 


fin Section 3.2 the need for uniform samples is stressed and the 
om ‘uniformity’ has been applied without discrimination to the 
metry as well as to the surface-impedance function. In fact, 
small geometrical irregularity has the same effect on the 
sonant conditions of a cavity as a suitable small irregularity in 
ie surface-impedance function. It transpires, further, that a 
ightly non-uniform cavity can be treated as a heterogenous 
wity* and as such has several pecularities. 

In the present application it is the circumferential heterogeneity 
fat is of primary importance. For in such cavities the Eo- and 
;-modes can be shown to be stable and the effective surface 
pedance is equal the mean value of the surface impedance 
action; all other modes are, in general, unstable. 
Consequently, with this instrument, the resonant conditions of 
2 Ho-mode are determined by the mean value of the surface- 
He ance function. On the other hand, the E,,-mode is 
stable, unless the first Fourier harmonic of the surface- 
)pedance function is absent. The instability manifests itself 
_the split of the resonant line into the ,E,,- and ,E,,;-modes* 
iti: a tight coupling between them. 

‘The phenomenon has actually been observed on a number of 
scasions, particularly with the samples fabricated from sheet- 
pper with an axial seam. A typical response of a cavity with 
ch a sample is shown in Fig. 16. The cavity evidently possesses 


y. 16.—Response of the 6Gc/s instrument provided with a sample 
having a defective axial seam. 


high-Q Ho,-response and a double E,,-response, as described 
ove. The reason is that unless the axial seam is made with 
treme care it leads to a substantial first-harmonic component 
the surface impedance function. 
Clearly, the phenomenon of the split in the E;;-response into 
+ and ,E,; could be put to advantage, e.g. to measure the 
‘wmonic content of a heterogeneous surface. In particular, in 
¢ ‘ast example the separation and the relative magnitudes of the 
».* and ,E,,-responses are a measure of the first-harmonic 
tent of the surface-impedance function involved.* 
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(4.4) The Effect of Coupling Means on the Measurement 
Accuracy 


Evidently the input and output couplings load the cavity and, 
at least in principle, modify the performance of the instrument in 
two respects: (a) the Q-factor will be lowered due to the loss in 
external circuits, and (4) the resonant frequency will be slightly 
altered due to the reaction of the external circuits (via the 
couplings) on the field inside the cavity. 

There are two ways of eliminating this source of error: (a) by 
replacing the impedance of the end-plates by a fictitious value 
slightly modified to take account of the coupling loading, and 
using this value as the constant of the instrument (obtained 
experimentally), and (5) by simply decreasing the coupling 
constructionally below the significant level and increasing the 
gain of the receiver accordingly. 

Although badly designed couplings could, undoubtedly, lead 
to significant errors in measurements, an experienced observer 
would without hesitation discover them, merely by rotating 
the probe in its mounting and observing whether the width of 
the resonant line or its position is changing by any significant 
amount. 


(5) CONCLUSIONS 


To measure the physical quantity surface impedance, two 
prototype instruments have been designed, developed and used 
for numerous measurements. To illustrate the use of the instru- 
ment a few experimental results have been quoted and the 
measurement procedure described. 

Using the instruments the surface impedance can be deter- 
mined with an accuracy of 5-20%, depending on conditions, 
but there is no reason why the accuracy should not be improved 
substantially. Thus, with some refinements in the measurement 
technique and using a more precision-built instrument it is hoped 
to realize a 5°% (or better) measurement accuracy over the entire 
range of the instrument. 
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MEASUREMENT OF FERRITE LOSS-FACTORS AT 10Gc/s 
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By C. M. SRIVASTAVA, M.Sc., 


SUMMARY 


The analysis is presented of the losses arising in a rectangular cavity 
containing ferrite slabs which extend the full length of the cavity. 
The loss factors associated with the dielectric constant and the scalar 
and tensor permeabilities are deduced from Q-factor measurements 
on the cavity. The methods are particularly suited to low-loss ferrites. 


LIST OF SYMBOLS 
[ts = Complex scalar permeability of ferrite, 
henrys/m. 
= Real and imaginary parts respectively of the 
complex relative scalar permeability. 
[to = Permeability of free space, henrys/m. 
p = p’ — jp’ = Complex diagonal term of relative permeability 
tensor. 
K = K’ — jK” = Complex off-diagonal term of the relative 
permeability tensor. 
€ = Complex dielectric constant of the ferrite, F/m. 
e, and «, = Real and imaginary parts respectively of the 
complex relative dielectric constant. 
€9 = Dielectric constant of free space, F/m. 
D = Electric flux density, coulombs/m?. 
B = Magnetic flux density, Wb/m?. 
8 = Phase constant, rad/m. 
k, = Transverse phase constant in air, rad/m. 
k,, = Transverse phase constant in the ferrite, 
rad/m. 
2(X) i= Sin. 
A(x) =x + sin x, 
F = Frequency, Mc/s. 


py and py 


(1) INTRODUCTION 


The loss factors associated with the microwave use of ferrites 
have been determined previously! from measurements whose 
interpretation involves first-order perturbation theory. This 
restricts the size of the ferrite sample which may be used and 
seriously limits the accuracy of loss determinations in the case 
of low-loss ferrites such as Mg—Mn ferrite. 

The methods described here are based on the exact solution 
of the field equations which can be found for one or more slabs 
of ferrite in a rectangular waveguide and there is no severe 
limitation of slab thickness. The cavity techniques adopted for 
the measurement of the real parts of the scalar and tensor 
properties have been described previously.© The analysis is 
extended here to the interpretation of the measured Q-factor of 
the cavity in terms of the imaginary or loss component of the 
scalar and tensor properties. 

The determination of the real and imaginary parts of both the 
dielectric constant and the scalar permeability involves the 
measurement of the shift in resonant frequency, and of the 
Q-factor of the cavity, when the ferrite slab is placed first along 
the side wall and secondly along the centre-line of the cavity. 
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These two locations are chosen since the measurements are) © 
mainly dependent on the permeability in the first arrangement)’ 
and the dielectric constant in the second arrangement. q 

The tensor properties of the ferrite are determined from the! 
shift in resonance frequency and the Q-factor of the cavity when) 
the latter is symmetrically loaded with two identical slabs of» 
ferrite, one along each side wall, the ferrite slabs being magnetized tk 
in the same direction. A second set of measurements with slabs|/ 
of different thickness complete the data necessary to specify the, 
tensor properties. 


(2) COMPLEX SCALAR PERMEABILITY AND DIELECTRIC! 
CONSTANT | 


(2.1) Theory 

The losses associated with the behaviour of materials in low- | 
level magnetic and electric fields are generally incorporated in’ 
the permeability and dielectric constant by assigning complex | 
values to these quantities. Thus, in an isotropic medium, the’ 


L) 


to the electric field strength E and magnetic field strength H, 


respectively, by | 


| 
D =cE = €(¢, — je, JE } 
and B= psH = [ol by — jpy 


Since «; < e, and yu; < p; in the case of the low-loss ferrites! 
being considered here, the field distribution in the cavity and} 
the stored energy in the electric and magnetic fields will be 
deduced on the assumption that « and yp, are purely real. 


(2.1.1) Determination of w; and e;. 


In the case of a rectangular waveguide containing an unmag- 
netized ferrite slab, shown in Fig. 1, the solution of Maxwell’s 


dts 
a REGION II 


Fig. 1—Rectangular waveguide containing an unmagnetized ferrite 
slab. 


REGION IT 


equations for a TE-mode propagating in the y-direction with a 
phase constant f yields the following distribution of electric) 
field strength in the three regions: 


Region I. O0<x<d: E, = Asink,x exp (— jBy) 
RegionIl. d<x<d+6: E,=(Csink,,x 

+D cos k,,x) exp (—jBy) > @ 
Region I. d+é<x<L: 


E, = Bsink,(L — x) exp (— jBy) 
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1The time factor exp (jw?) is assumed throughout and the 
jansverse phase constants, k, and Km, in the air and ferrite 
gions, respectively, are given by 


ki= woh ici (ee 
ad Kin = WE €opyfig — B? 


{The longitudinal components of magnetic field strength 
srived from eqns. (2) are as follows: 


. au 
RegionI. H,=— (a) cos k, x exp (— jBy) 
0 


Wee ik 
fRegion Il. H, = — (=) (Ccos k_x 


7 a 
Mote “Din kx) exp (—jBy) 4 


; 16k 
fRegion I. H, = (Es) cos k,(L — x) exp (— jBy) 
0 


Since the tangential components of both the electric and 
sagnetic field strengths must be continuous at the air—ferrite 
cterface, the following boundary conditions must be satisfied: 


A sink,d = Csink,d + Dcosk,,d 


Ak 
—‘ cos k,d = Km C cos k,,d — D sin k,,d) 
Ho Moly 

Bsin k,(L—d—8)=Csink,(d+8)+ Dcosk,(d+8) ¢ © 


Ka cos k,(L—d— 6) = Km ,[D sin k,, (d + 8) 


ro fons — Ccosk,(d + 8)] 


{ Eliminating the arbitrary amplitude constants A, B, C and D 
lelds 

<?k2 —k?2) cosk,(L — 6 — 2d) + (w2k2 +k,2) cos k,(L— 8) 

+ 2pjkgkm cotk,d sink (L—6)=0 (6) 
| There are two cases of interest here. First, with the ferrite 


‘ab in contact with the side wall, ic. d = 0; secondly with the 
ab along the centre-line of the guide, i.e. d = 1/2(L — 9). 


user. d=0. 


{ For this case, the transcendental equation reduces to 
| 


PAs ou une le tat dy == 0) (1) 
Kn by k,6 
vase I. d = 1/2(L — 8). 
{ In this case, the transcendental equation reduces to 
2 
i ae uik, cot 12k {L—8) . . ©) 


Ze Km0[2 


1 Two experimental determinations of 8 will suffice to find 
; and «/; either (a) using two different thicknesses, 6, of ferrite 
lab in contact with the side wall and solving eqn. (7), or (5) using 
ue same slab, first in contact with the side wall, and then along 
4e centre-line of the waveguide and solving eqns. (7) and (8) 
‘i the appropriate arrangements. 


)!.. 2) Determination of 2,’ and e€;’. 

| The losses arising in a cavity containing a ferrite slab are due 
arly to the magnetic and dielectric losses in the ferrite and partly 
6 “he wall losses in the cavity, which will depend on the field 
iscibution and hence on the ferrite location. In order to 
’@ rmine the imaginary components p, and «¢,, it 1s necessary 
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to relate these to the experimentally observable Q-factor of the 
cavity for the two arrangements considered above. 


(a) Ferrite Slab in Contact with Side-Wall of Cavity. 


Eqns. (2) for the electric-field distribution in a waveguide 
containing a ferrite slab in contact with the side wali reduce to 


Region II. 
Region III. 


0<x< 6: E, = Csink,, x exp (— jBy) . 
d6<x<L: E,=Bsink,(L— x) exp (— jBy) ) 


If a cavity is formed by closing the waveguide with short- 
circuiting plates at the ends of the ferrite slab of length /, then 
the cavity will be resonant at a frequency such that B = nz/lI, 
where 7 is an integer. Further, if one short-circuiting plate is in 
the plane y = 0, the electric-field distribution in the cavity will 
be given by 


Region II. £, = 2Csink,,x sin By ‘5 
Region II. £, = 2Bsink,L — x) sin By 9) 
The corresponding magnetic-field components are 
; QICP in; 
Region II. HAH, = ; sin k,,.x cos By 
fs Woy ih P 
2jCk : 
y= we ™ cos k,,x sin By 
é . (1) 
2jBB . 
Region III. A, = rain sin k,(L — x) cos By 
0 


2jBk : 
= es HM hy 
Hy ar cos k,(L— x) sin By 


The stored energy, W, in the cavity may be expressed as the 
peak stored electric energy 


We =4| eo Bdv (12) 
V 
or as the peak stored magnetic energy, 
Wr =4| pops fPav (13) 
V 


where the integration is carried out throughout the volume, V, 
enclosed by the cavity. 
From eqns. (10) and (12), it follows that 


" €9¢,bIC? € bl B? oe 
ie We. (2k,0) + ie g[2k(L — 8)] (14) 
where / is the length and 5 the width of the cavity; and g(x) = 
[x — sin x]. 


The power dissipation, P,, in the specimen due to magnetic 
and dielectric losses is given by 


PL = (6fegk? + pi,noll dV (15) 
ole 


where the integration extends over the volume, V’, occupied by 
the ferrite slab. Making appropriate substitutions in eqn. (15), 
it may be shown that 


we, €gbIC? 


De a g(2k,,0) 
by BIC? 2 
at (K2 (2K, 2K mo 16) 
Hol Fig nt kind) + Be(kmB)] 
where h(x) = (x + sin x) 
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The power dissipation, P,,, in the walls of the cavity is given by 


P, = 4R,| Apds (17) 


Ss 
where R, = Resistance per unit area of conductor surface. 
H, = Component of magnetic field intensity tangential 
to the wall of the cavity. 


The integration is carried out over the entire area S of the inner 
surface of the cavity. 
Substituting from eqn. (11) into (17), it is found that 


2 
Tes ad a Se Raye os ale ex en Dis 
2 | (14; ) 


Kinl 9 
i g(2k 8) + =F" h2 £4’) | 


(2b +1)B? Kl 
cs ere Tapa g[2k,(L— §)]+ a h[2k,(L— ot 
(18) 
The Q-factor of the cavity is given by 
ww 
teres (19) 


where W, P, and P,, are given by eqns. (14), (16) and (18) 
respectively. 

The relation between the amplitude constants B and C can 
be obtained by equating E, for the two regions at the air—ferrite 
interface, giving 

sin k,,6 


PiniGee arene nina f'+ (20) 


Hence, finally, eqn. (21) is obtained 


, 
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sin’ k,,,0 


| 


resonant frequency by direct observation of the signal reflectec! 
from the cavity, and also a standing-wave detector. | 

The procedure is as follows: with the ferrite slab in conta 
with the side wall of the cavity the variation with frequency oj/© 
the standing-wave ratio in the input guide to the cavity is is) 
measured. From these measurements the resonant frequenes) 
and the unloaded Q-factor of the cavity can be deduced by well: | 
known methods. The ferrite slab is then located along the! 
centre-line of the cavity and the measurements and deductions } 
repeated; in this second part it is usually more convenient teln 
observe the TEoi2-mode, rather than the TE ,,;-mode examined]; 
in the first part, since PB is usually appreciably greater. Finally|» 
the resonant frequency and Q-factor of the empty cavity are 
determined and the value of R,, the surface resistance of the)” 


wall of the cavity at this frequenc y, deduced; the value of Ht 


is proportional to the square root of the frequency. 


(2.3) Experimental Observations and Results 


The measurements reported here were carried out using mag-|~ 
nesium-manganese ferrite, S.E.R.L. 1009; the recommendations)’ 
made by Blackman’ concerning die pressure and firing tem- | 
perature were followed in forming the test slabs. The obser-) 
vations with a slab along the side wall were: 

(a) Thickness of the ferrite slab, 6, = 0-1105cm. 

(6) Length of the slab, /, = 2-311cm. 

(c) Resonant frequency of the empty cavity = 9-1694Gc/s. 
(d) Q-factor of the empty cavity = 3400. 
(e) Resonant frequency of the ferrite-loaded cavity = 9- 1605 Gols. 
(f) Q-factor of the ferrite-loaded cavity = 1500. 

The same slab was then located along the centre-line and th 
following observations were made. 


(g) Resonant frequency of the ferrite-loaded cavity = 9-648 Gefs ic 
(A) Q-factor of the ferrite-loaded cavity = 790. 


he 


ie 


_3 


0 k ; gC K m0) 
= (2k,,0) + 
ries 


m Kink 


2280p, 


‘PF [ki (2k 9) = Be *g(2k 0) | 


= 


LASORs ls Alea ee Oe 
SAN ia Dees 2S ir) 5 


(6) Ferrite Slab along Centre-Line of Cavity. 


k, sin? k,(L — 8) 


e[2k{L — 8)] vy 


sink, 5 _Qb+i)p? 


&(2k 0) (2k,,,0) Snake) k2bl 4 2k, 


g[2k,(L—5)]+ 


sie 3 


4) 
Proceeding along similar lines to those in the previous Section, eqn. (22) is obtained for this case 7 | 
é, cos*(k,,,0/2) | 
—" Ak») 4 D = | 
is gan wi ai ean? (= Haye et — 9 | 
€, 2280p; a 
i(k 9) bret [ee ed) + BK 8)] 
’ ku PF a 
1150R,| 1 [26+ cos*(k,,5/2) 14 
. 2 h(km®) - m Oe é yi 
. By 
(2.2) Experimental Procedure . 
The cavity used in these experiments is formed from waveguide The values of e;, <;, , and 4,’ calculated from these measure- 
No. 16 by closing one end with a short-circuiting plate which | Ments are 
has a circular iris for coupling to a microwave test bench, and é = <o(<, = JG) 
by closing the other end with a short-circuiting plunger to provide = €,(10:0 — fl-1 x 10-3 
flexibility. In every experiment the ferrite slab extends the full , ; eu e ) | 
length of the cavity to avoid end-effects. The test bench B= boli — Jey) 


includes a directional coupler to facilitate location of the cavity 


== po(0-91 — j5-4 x 10-3) | 


“ihe thickness could be measured with an accuracy of 0:5°%, 
i the error due to it in the final values of € and p is less 
m 2% for the real parts, <, and yj, and less than 5% 
| the imaginary parts, «/ and 7. The Q-factor could be 
asured with an accuracy of 2°, and the error due to it is 
out 10% for «, and 4% for uw. The frequency difference 
vuld be measured with an accuracy of 0-1 Mc/s, and this 
oduces negligible error in the final values of € and pL. 


(3) COMPLEX TENSOR PERMEABILITY 
(3.1) Theory 


‘When a ferrite is magnetized by the application of a steady 
ygnetic field in the z-direction, the magnetic flux densities in 
_. x- and y-directions are found each to depend on both the 
‘wand y-components of an applied high-frequency alternating 
ygnetic field. This may be represented by assigning to the 
irite a tensor permeability of the form 


 =iK 0 
Mo JK pw O (23) 
0 0 1 


As in the case of the scalar permeability, losses may be repre- 
ted by allowing the tensor components ps and K to take on 
mmplex values. Thus 

b= pl — jp" 
id K = K’ —jK” 
\Df the two methods described elsewhere® for determining 
and K’, the twin-slab reciprocal cavity has been chosen for 
}ther study of the loss components ju” and K”, since in this 
xe the calculations are not complicated by duality of the phase 
nstant. 
The transverse electric-field distribution, for propagation in 
“+ positive y-direction in a rectangular waveguide carrying two 
tatical ferrite slabs in contact with its side walls, the ferrite 
ibs being magnetized in the positive z-direction, may be 
titten’ (see Fig. 2). 


Ore =0 E, = Asink,,x exp (— jBy) 
On w= Li 0b, = (C COs kx 
+ D sin k,x) exp (—jBy) } (25) 
Region II. L—d<x<L E,=Bsink,, 
(L — x) exp (— jpy) 


The time factor exp (jwt) is assumed throughout and the 
insverse phase constants k, and k,, are given by 


(24) 


k2 = woe — BP? 
[uy = KF] _ 2 (26) 
pe 


\ SS 2 
\d kz; = W Lo£0€r 


Owing to the tensor permeability of the ferrite, the amplitude 
mstants A and B in these expressions are not equal. For 
opagation in the negative y-direction, the phase constant will 
the same as that given above for the positive y-direction of 
Opagation since the ferrite is symmetrically disposed and the 
vady magnetic field is unidirectional. The field distribution 


v = 3) HB, + HBV 
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Fig. 2.—Ferrite-loaded waveguide. 


CLL ZELLZA, 


. 


REGION II 


for the negative y-direction of propagation will also be similar 
to that for the positive y-direction of propagation when each is 
viewed with respect to its direction of propagation. The two 
field distributions will, therefore, be mirror images of each other 
in the plane x = L/2, but since A ~ B, the amplitudes will not 
be equal at any arbitrary point in the waveguide. If a ferrite- 
loaded waveguide such as shown in Fig. 2 is terminated in a 
short-circuit, this non-correspondence of field patterns will give 
rise to other modes at the short-circuit. However, these modes 
will be evanescent and, therefore, they will be restricted to the 
immediate vicinity of the short-circuit. 

Since the amplitudes A and B in regions I and III are merely 
interchanged for the two directions of propagation, the problem 
of energy storage and power loss in a cavity symmetrically loaded 
with ferrite can be treated as though the transverse electric-field 
distribution of eqns. (25) were reflected in anti-phase at the short- 
circuited ends of the cavity, provided that the energy associated 
with the evanescent modes is small compared with the total 
energy stored in the cavity. This latter condition requires that A 
be not very different from B, and it is dependent on the thickness 
of the ferrite slabs; the agreement between results obtained for 
various values of slab thickness up to 2-1 mm suggests that this 
disregard of the evanescent modes is justified for thicknesses not 
exceeding this value. 

With these simplifications, the electric field distribution in the 
cavity at resonance is given by 


E, = 2A sink,,x sin By 
Region Il. E, = 2(Ccosk,x + Dsink,x) sin By 
Region III. E, = 2Bsink,(L — x) sin By 
The magnetic field distribution is similarly compounded from 
the modified patterns of the forward and reverse waves. 


Making appropriate substitutions in eqn. (12), the peak stored 
electric energy, We, may be shown to be 


sco! 


Region I. 
(27) 


Wr {2k,(C2 + D®(L — 28) + (C2 — D?)[sin 2k,(L — 8) 


ta — sin 2k,8] +2CD|Icos 2k,5 — cos 2k,(L — 8)]} 
a ae (42 + Bg (2k 8) (28) 


Since the x- and y-components of the magnetic field intensity 
H are in phase with the corresponding components of magnetic 
flux density, B, in each region, the peak stored magnetic energy 
Wz is given by 


aa {2k (C2 + D?\(L— 28)(kZ + 6?) — 2CD(kZ — B*)[cos 2k,8 — cos 2k(L — 8)] 


4k gpg? 


+(D? — C*)(k2 — B?)[sin 2k,(L — 5)— sin 2k S]f 


ol [2k Spu'(A2 + B?)(k?, + B?) + w(A? + B*) (kin, — B*) sin 2k nS 


Y Kp uy? — KY] 


+ 2Bk,,K’(A? — B?)(1 — cos 2k,,6)] (29) 
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By applying the boundary conditions at the air-ferrite interface 
and using eqns. (28) and (29), it may be shown that Wz | Ww 
and either may be used as the stored energy, W, in the cavity. 

The dielectric and magnetic losses, P,, in the ferrite are given 
by 


Pie ecoeetl (42 + Bg (2k,5) 
é bl 
Ak mpgw| (ue)? — (K’)?] 
+ p’(A? + B)(k2, — B?) sin 2k,,8 
+ 2BkmK’(A? — B)(1 — cos 2k,,8)] 


The wall losses, Py, in the ferrite loaded cavity are 


[2kmSp'(A? + B?)(KR, + B?) 


(30) 


— —*s _$(¢2 +. D22k,(L — 28)[(2b + DB? + 2] +(C2 — 
Pw = 3 oman + D)2kg )[(2b + DB? + 12] +( 


R, 
us 2k pw pal (wu)? — (K’)? 


(A? 4 


Collecting terms, 


Or fk C2 + D*)(L — 28) + (C? — D?)[sin 2k,(L — 8) — sin 2k,8] oy 
a + 2CD|cos 2k,6 — cos 2k,(L — 5)]} + = (A? + B?)g(2k,0) 


ots oy 
Se ey eer ee 22805 
Geaph i toorstes a nk uP 
575 Rs 
oe kf 


. 575 R, 
" KmE [wy = (KP 


In this expression the amplitude constants A, B, C and D are 
related by imposing the boundary conditions at the air-ferrite 
interfaces, i.e. 


Asin k,,5 = Ccosk,6 + Dsink,6 
Bsin k,,5 = Ccosk,(L — 6) + Dsink,(L — 8) 
and F'A(u’k,, cos kmS + BK’ sin ky) 
=k,[(u’)? — (KY |(D cosk,5 — Csink,d) (33) 


These three conditions suffice to eliminate the four amplitude 
constants from eqn. (32). 


(3.2) Experimental Procedure and Results 


In this method, the frequency of resonance and unloaded 
Q-factor of a rectangular TEp,,; cavity containing two trans- 
versely magnetized ferrite slabs resting against its side walls 
and completely filling the cavity along its length and narrow 
dimension are obtained by the same method as described in 
Section 2.2. Since eqn. (32) contains two unknowns, the experi- 
ment is repeated for a different thickness of the slabs. From 
these two measurements ww” and K” can be deduced using the 
values of R, and €” obtained in Section 2. 

In a typical measurement with two magnesium-manganese 
ferrite slabs, the following observations were made: 


(a) Thickness of the ferrite slabs = 0-1065cm. 

(b) Length of the ferrite slabs = 2: 161. cm. 

(c) Resonant frequency of the empty cavity = 9-466 Ge/s. 
(d) Q-factor of the empty cavity = 3 400. 


observations made: 


ments using the value of 10-0 for «’ and 1-1 x 10~3 for €” an)” 


B?)(2K3,b1(u’)? + K2,{20(K'? + 1)? + KPA, 5) | 
+ B24 2b(u')? + Iu’)? + (KP ] be (2knd)) + 4(4? — Bb + Dpu’K’ Bk p(1 — C08 2m) ] GL) 


pA? + BY [Ky + B?)2kimd + (ki, — 6?) sin 2k nd] Yt: 
{(C24.D?)2k,(L—28) [(2b + I) B? + lk2] +(C? — D?)[sin 2k,(L—8) — sin 2k5][ (2b +1)? —Ik2] c 


[(4? + BY) (2k F,b1(W’? + K2,h(2k m8) X {2bK')? + Ue’)? + (KP ]} + Bg (2m) j i 
x {2b(u'? + I[()? + (KP ]}) + 4(42— B26 + Dye’ K Bk (1 — C08 2k 8) | 


e) Applied field = 250 oersteds. J 
t ¥, ) Resonast frequency of the ferrite-loaded cavity = 9-508 8 Gef:, | 
(g) Q-factor of the ferrite-loaded cavity = 1740. 


The thickness of the ferrite was then changed and the followin i 


h) Thickness of the ferrite slab = 0-085cm. | i 
# Resonant frequency of the ferrite-loaded cavity = 9-5299 Ge/s 
(j) Q-factor of the ferrite-loaded cavity = 2270. } 


The values of p’, n”, K’ and K” calculated from these measure 


pe =p! — ju” = 0°98 — 72:0 x 10-7 - 
K = KR’ —jK” = 0°45 —j17 x 10° 


D?)[sin 2k,(L — 8) — sin 2k,8][(2b + 1B? — 1k2] 


+ 2CD[cos 2k,8 — cos 2k,(L — 8)][(2b + Dp? — 1k) i 


| 


+ K’(A? — B?) 2Bkp(1 — Cos 2kmd)} MI 


+ 2CD[cos 2k,8 — cos 2k(L — 8)][(2b + 1p? — ik,?)} 


The thickness of the slab could be measured with an accuracy): 
of 0-5%, and the error in the final values of ~ and K due to} 
this is less than 2% for both the real and imaginary parts 
The Q-factor of the cavity could be measured with an accuracy 
of 2%, and this introduces an error of less than 10% in the values 
of w” and K”. The error due to the inaccuracy in frequency 
determination is negligible for all the four quantities. 


: 
fe. 
\ 


a 


(4) CONCLUSION 


The methods used for the measurement of the imaginary parts} 
of w and K give results of much better accuracy than those) 
obtained by perturbation techniques for low-loss ferrites. 
Macbean? reports an error of 100% for his measurements of the! 
imaginary parts of w and K for magnesium-manganese ferrite,’ 
while for the same measurements using this technique the 
corresponding error is only about 15%. 

Although the regions near resonance cannot be investigated 
with this technique, it is of value in obtaining accurate ferrite| 
parameters for the development of the many microwave devices 
which work in regions away from resonance. 

With magnesium-manganese ferrite, measurements have been 
made up to an applied steady magnetic field of approximately 
2000 oersteds. ; 
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WIDE-BAND WAVEGUIDE FILTERS WITH SHORT LINEAR TAPERS 
By G. CRAVEN. 


(The paper was first received 27th September, and in revised form 30th November, 1957.) 


SUMMARY 


Broad-band waveguide filters, which obtain a band-pass charac- 
teristic by combining low-pass and high-pass networks, are discussed. 
Filters of this type do not, in general, match the impedance of standard 
guide. A method of design, in which simple linear tapers are employed 
to effect matching, is described. The design procedure is illustrated in 
a typical example and experimental results are given. 


(1) INTRODUCTION 


When waveguide band-pass filters are required for bandwidths 
exceeding about 2% of mid-band frequency, it is common practice 
to employ the type described by Cohn,! in which high-pass and 
low-pass filters are combined to provide the band-pass charac- 
teristic. The high-pass filter consists simply of a section of plain 
guide, the width being chosen to give the desired cut-off fre- 
quency, with the overall length as the factor controlling band-stop 
attenuation. The low-pass filter is made up of alternate sections 
of common width, but different narrow dimension, the cut-off 
frequency depending on the length and characteristic impedance 
of these sections. The desired band-stop attenuation is obtained 
by employing a sufficient number of sections. It is usual to 
construct the low-pass filter in the guide forming the high-pass 
network, since this leads to a more compact design. Cohn gives 
full design details and describes suitable waveguide-to-coaxial 
transducers. However, it is often necessary to employ these 
filters as part of a waveguide system and it is then desirable that 
they should be matched to standard guide. This can prove 
difficult in practice because the impedance of these filters can 
differ greatly from that of standard guide, necessitating extremely 
long tapers. This problem can be solved by modifying the design 
procedure somewhat and employing a particular kind of taper. 


(2) FILTER DESIGN 


The first step in filter design, with the normal procedure, is to 
calculate the guide width required for the desired high-pass cut-off 
frequency. With the low-pass and high-pass units constructed 
integrally this then determines the guide wavelength in the low- 
pass structure. The electrical lengths (at cut-off) of the sections 
forming the latter are then chosen so that the spurious pass-bands 
fall outside the band-stop region.?_ Using the guide wavelength 
at low-pass cut-off, the physical lengths can then be calculated. 
The choice of the electrical lengths of the sections also determines 
the ratio of the characteristic impedances, i.e. the ratio of the 
narrow dimensions of the two sections, if the cut-off conditions 
are to be satisfied. When this is found the actual dimensions 
required to satisfy this ratio may be decided, and, provided that 
this ratio is maintained, the only effect (within limits) of different 
dimensions is to change the image impedance of the filter. Thus, 
where the latter is not important a wide choice of dimensions is 
possible. However, where the image impedance is important, as 
when a taper must be designed to match the filter to standard 
guide, a modified procedure based on this parameter is more 


Written contributions on papers published without being read at meetings are 
invited for consideration witha view to publication. 
Mr. Craven is with Standard Telecommunication Laboratories Limited. 


suitable. It then becomes possible to use a simple taper describec i) 
by Lewin.3 i, 

In Lewin’s paper a linear taper in both H- and E-planes ib 
shown to be self-compensating if a particular relationship betweel|: 
the parameters holds. This occurs when 


dp b BS 

Da ~ ‘al — ida) oe ee y 

where a = Smaller wide dimension. S 
D = Larger wide dimension. 

b = Smaller narrow dimension. 


d = Larger narrow dimension. 
Ay = Free-space wavelength. 


chosen for the high-pass filter cut-off, D and d are, respectively, 
the wide and narrow dimensions of the standard guide, and, for 


self-compensation [from eqn. (1)], =i 
b= er = a) te ee (lay 
a(l — 23/4a?) t 


The impedance at the contracted end of the taper can be found! 
from b and a, and it is this impedance that the filter should be | 
designed to match. Equations for the image impedance of alc 
filter can be derived from the equivalent transmission-line Sec- B 
tions. Denoting the characteristic impedances Zp, and Zon) 


| 


(where Zp, > Zo), with their respective electrical lengths 6, and) 
0,, the A-matrices in terms of half-sections (shown in Fig. 1) are’ 


=o —_—_—_ 


ee 


Fig. 1.—Schematic of filter half-section. 


E, cos $6, jZo, sin 46, cos $0, jZo sin 46, Ey] 4 


== J x< SK i! 

I, = sin}46, cos4é J 
1 Fe i 30, Ze sint@, cos 40, L ) 
(2) ) 
The image impedance, Z;,, can be obtained from the open- and | 


short-circuit impedances of the network. In the A-matrix repre- 
senting the network (see Fig. 1) this is given by | 


Zi = V(ZocZsc) = yee’ Ai 


Ay, aa) 4a 

Multiplying out in eqn. (2), we have 
pA es | Zo2 = Zot tan 46, tan By 
il 01 1 . 
Zo2 tan 46, + Zo tan 40, | 


Zo2 tan 46, ae Zoi tan ap) 12 (3) | 
Zo1 = Zo2 tan 46, tan 40, ; 4 
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e expression for the transfer constant can be obtained in a 
inilar way: 


cosh 7 = V(4j1422) 
that 


Zi 
Bh y = 2(cos 46, cos 40, a sin 40, sin 30>) 
02 


Zor. 
x (cos 40, cos 40, — = sin 46, sin 40, )— Lege aa(G) 
Zo 
it-off occurs when cosh y = — 1 or (Zp; > Zo>) when 
Zo1IZo2 = cot Vic cot L050 = P j 6 (5) 


ere the subscript C denotes cut-off. 

These equations are used in the following way. The high-pass 
er is designed first in the normal manner and 6,¢ and 0 are 
osen on the basis of considerations previously mentioned. The 
10 Zp;/Zo2 is obtained from eqn. (5) and the physical lengths 
ic and @,¢ are determined. The electrical length at mid- 
ind, or wherever matching is to be obtained, is then calculated 
« the value substituted in eqn. (3). This gives the image 
pedance, KZ), where K is a pure number. The characteristic 
ypedance, Z),, must then be such that the image impedance is 
aizi to guide of dimensions a, b, i.e. the contracted end of the 
r. The characteristic impedance, Zo, of air-filled guide of 
ese dimensions is* 


Zo = 60n*b{a[l — Ao/2a)2}2¥" . . . © 


milarly the impedance of the filter of guide dimensions a’, b’ is 
-en by 


KZo, = K607?b{a'[1 — Ao/2ayr]JI2} 1. . 
Equating (6) and (7), 
b/[b = a’[1 — Aol2a’P]"{ Ka[1 — Ap/2a2}!2}-" - 8) 
here a’ = a this simplifies to 
BeBe TK ae ee ee FQ) 


ith b’ determined, the remaining dimension, b”, of the @,-section 
y be found from the ratio Z;/Zo2. Before completing the 
er design, corrections for the junction-discontinuity suscep- 
neces between the sections are made. The method follows that 
\the original paper.! 

Thus far, the assumption has been that the terminating half- 
ction is Zp,, 0; (where Zo; > Zo2). In many cases a Zo, G5 
mination may be preferable. The lumped-circuit analogue of 
2Zp,, 0, termination is a T-section prototype filter, which has 
ro resistance at cut-off, whereas the Zp , 8, termination, being 
juivalent to a 7r-section, is of infinite resistance. Thus, if match- 
z reasonably close to cut-off is desired the latter termination is 
‘ely to be better because it leads to larger values of K. The 
‘ysical dimensions b’ and 6”, which otherwise may be unde- 
ably large, are then reduced. 


(3) DESIGN EXAMPLE 
A, filter with a pass-band of 3800-4200 Mc/s is required to 
atch 2in x Zin guide. The attenuations at 3500 Me/s and 
‘SMc/s should exceed 30 and 20dB, respectively. Taking 
t-off at approximately 5°% above and below the transmission 
me , we have 3600 Mc/s (8-33cm) and 4400 Mc/s (6:82cm)as 
* cut-off frequencies. For the high-pass network cut-off 
2s when Ay = 2a, ic. a=4:17cm. Substituting for a, 
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D(=5:08cm) and d(=1:69cm) in eqn. (la), 6 =0:79cm. 
The taper must be a linear one, contracting from 5-:08cm 
x 1:69cm guide to 4-17cm x 0-:79cm guide. The length is 
not important provided that it is not so short that the taper 
angle becomes excessive: 14in (3:72cm) easily meets this 
requirement. 

In the low-pass filter let 6;¢ = 40° and 0, ¢ = 20°; these 
represent values that are commonly used. Then from eqn. (5) 
Zo1|Zo2 = 15:6. The guide wavelength at the low-pass cut-off 
frequency, for a = 4:17cm,is11:9cm. The physical lengths for 
6,c and 6¢ are then found from b = 0,A,/27 and are 1-32cm 
and 0:66cm, respectively. These values must later be corrected 
for the discontinuity susceptance. The filter is to be matched 
at 4000Mc/s and Zp, @, terminations are to be employed. 
Retaining the convention Zp, > Zo, eqn. (3) must be rewritten 


Whe =) eS a Zo tan 40, tan a) 
de oA Zo tan 46, + Zo2 tan 46, 


(eee 40, + Zoz tan = ge: (3a) 
Zo2 ra Zot tan 46, tan 46, : 


The electrical lengths 0, and 6, at 4000 Mc/s can be found from 
the uncorrected lengths and the guide wavelength at this fre- 
quency. Substituting for A =17-2cm) in eqn. (3a), 


Zi — 7°34Z o> 


Then, from eqn. (9), b’” = 0:79/7:34 = 0-108 cm and b’=0:-108 
S'S 6 169 cme 

The correspondence with the guide dimension, 5, is for- 
tuitous. The final steps in the design are to correct the lengths 
for the discontinuity susceptance, and to calculate the length of 
the high-pass filter and the number of sections in the low-pass 
filter needed to give the desired attenuations. This method is 
treated in the original paper.! 


(4) FILTER CONSTRUCTION 


The construction of the filter is shown in Fig. 2. In order to 
check the design accuracy the model was milled out of solid 
copper, the filter being made in two sections and then bolted 
together. The tapers were separately made from the solid and 
then added to the main assembly. This type of construction is 
expensive; however, satisfactory filters have been made in wave- 


a (bia = 2in- 

1, = 0:52in a = 1-642in. 
1, = 0-194in b = 0-311in. 
1, = 0-074 in d = 0°666in. 
b’ = 0-666in 
b” = 0:042in 
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guide. For instance, the above design could be made in 
2in x 4in guide quite simply by reducing the broad dimension 
with inserts along the length, the low-pass sections being formed 
by inserts across the width. Some simplification, in this case, 
is effected because b’ is the same as the guide dimension 6. If 
desired, this can usually be arranged, but, in general, the practice 
should be followed with caution because large values of b’ lead 
to errors in the discontinuity-susceptance correction. Designs 
that lead to large values of discontinuity correction should 
normally be avoided if experimental modification is undesirable. 
On the assumption that this correction is moderately small its 
effect on the image impedance is neglected in eqn. (3). Large 
values of Zp;/Zo> are likely to be the chief cause of large discon- 
tinuity corrections, and these result from unsuitable choice of 
§;c and 6c. Although governed by spurious pass-band con- 
siderations, some freedom of choice should normally be available. 
Where the latter are particularly rigorous the usual practice of 
cascading sections with different high-pass cut-off frequencies 
should be followed. 


(5) PERFORMANCE 


The performance of the filter is shown in Fig. 3. The agree- 
ment with theory is considered good. Filters of this type are 
basically similar to constant-k low-pass and high-pass networks 
of lumped-circuit design, and the image impedance therefore 
varies slowly throughout most of the band, but rapidly near 
cut-off. Thus, amplitude ripples, especially near cut-off, can be 
expected. However, by locating the cut-off frequencies some- 
what outside the desired pass-band the latter can be kept free 
from serious ripples. In this example the amplitude of ripples did 
not exceed 0-25dB in the chosen pass-band (3 800-4 200 Mc/s); 
the voltage standing-wave ratio was less than 1-6. The only 
significant ripple occurs at approximately 4300 Mc/s and is most 
likely a result of the impedance mismatch between filter and load 
just discussed. However, internal reflectians in the filter as a 
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Fig. 3.—Transmission loss characteristic. 
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result of manufacturing imperfections, or minor errors in he 
design of the end sections, can also produce noticeable ripples 
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